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The neuronal action of the human motor system is represented in the brain with enormous 
degrees of freedom in order to move the hand. An elaborate combination of striated muscle 
contractions, caused by neuronal activity, can induce skilled hand movements in various 
degrees of complexity. Visual, tactile, proprioceptive and temporal information has to be 
integrated and processed prior and during movements to come to a specific motor output. The 
primary motor cortex with its giant pyramidal cells can be considered the final cortical relay 
that leads to motor output. Concerning the cerebral organization of movement, the famous 
neurologist Hughlings Jackson stated: “To speak figuratively, the central nervous system 
knows nothing of muscles, it only knows movements.” [1]. This fundamental organization 
principle, whether hierarchical as Hughlings Jackson proposed or not, remained a conceptual 
cornerstone, later coined ‘higher order motor control’ [2]. Various cortical regions, such as 
the premotor areas, are involved in the planning, execution and online control of movements. 
The expression of language adds additional complexity, because the motor output should 
contain a rich variety of earlier learned ‘language codes’.
A main focus of this thesis concerns functions of the premotor cortex and the interactions 
between the premotor regions and language areas. In this respect, writing is particularly 
studied, because it results from a specific integration of motor and linguistic functions.
Function of the premotor cortex
Interaction with an object requires integration of sensory input with motor output. A 
seemingly simple action of picking up a pen requires elaborate processing. A combination 
of movements has to be initiated, requiring you to know where the pen is. Proximal arm 
movement and precision grip of the hand, with enough force towards the right coordinates 
in space, allow you to smoothly pick up the pen. Eventually, the primary motor cortex with 
its efferents to the motor neurons in the spinal cord activates the muscles in order to execute 
the correct movements. Among other areas, the premotor cortex has an important role in the 
final integration of task-related information and to funnel this to the primary motor cortex. 
Premotor cortex areas can influence motor output through their interaction with both the spinal 
cord as well as the primary motor cortex [3]. Within the lateral premotor cortex (Brodmann’s 
area BA 6) a further subdivision can be made in the dorsal and ventral premotor cortex (PMd 
and PMv), while medially, directly anterior to the leg representation of the primary motor 
cortex, the supplementary motor area (SMA) or SMA proper is localized [4]. These premotor 
areas differ in both functional specialization and connectivity with other areas.
The SMA proper has been demarcated from the more anterior pre-SMA relatively recently 
[5] and has been implicated in the linkage of a stimulus to a proper response [6]. The efferents 
of the SMA account for about a tenth of the input to the corticospinal tract, whereas the 
pre-SMA has only few connections to the corticospinal tract [3,7-11]. Unlike the pre-SMA, 
the SMA has direct connections with the primary motor cortex [3,9]. As such, the role of 
the SMA has been related to the motor component of condition-action associations being 
involved in the selection, initiation, temporal organization and execution of movements, 
including speech [5,6,12-14]. The SMA is somatotopically organized [15-19] and is richly 
connected to the contralateral SMA and other cortical and subcortical structures [20-28].
The lateral premotor cortices have a different functional specialization. The PMv, together 
with the anterior intraparietal area, has an important role in visuomotor transformations for 
the integration of visual object information with motor characteristics to be able to grasp an 
object [29-32]. The PMd is essential in the navigation of the hand towards a target object, 
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with its strong connections to the superior parietal cortex [31,33,34]. The PMv is reciprocally 
connected with the primary motor cortex [3]. The majority of the output from the PMv goes 
to the hand representation of the primary motor cortex and has a facilitating role on its 
output [3,35-37]. Reversible inactivation of the PMv with focal muscimol injection leads 
to impaired visually guided grasping, which underscores the crucial role of the PMv in this 
process [38]. It has been proposed that the PMv transforms object information from a visual 
reference frame to a motor reference frame [39]. The PMv has sparse direct output to the 
spinal cord segments that are involved in controlling distal hand movements, while the PMd 
has substantial output to various spinal cord segments [35]. The PMd has few connections 
with the prefrontal cortex, while the PMv is extensively connected to both ventral and 
dorsolateral prefrontal cortex [40]. The PMd has a dominant role in the selection, preparation 
and execution of reaching movements with the arm, obtaining input from the superior parietal 
cortex and extrastriate visual cortex [41].
Premotor cortex function in writing
Dominance of the left hemisphere for both skilled motor performance and language suggests 
that these functions may arise from partially shared underlying circuitry [42]. Language 
expression in writing is possibly based on such functional overlap. As illustrated in the 
beginning of this general introduction, picking up a pen requires elaborate processing. 
Writing with the pen is cognitively far more demanding. It requires a fine-tuned combination 
of distal and proximal movements in complex sequences with an additional integration of 
motor and linguistic functions. In Chapter 2 we sought to behaviorally quantify that right-
handed healthy subjects almost exclusively use distal movements for writing with their right 
(dominant) hand, while a combination of both proximal and distal movements is used during 
writing with their left hand. The differential use of distal and proximal movements during 
writing may point at lateralized cerebral organization of motor control in relation to language. 
We hypothesized that this reflected dominance of the PMv in the left hemisphere during 
right-hand writing, while there is dominance of the PMd in the right hemisphere during left-
hand writing. This would be consistent with the fact that the PMd is more implicated in the 
navigation of the hand to a target location; an action that requires more proximal movements 
[3,31,33-35]. In man, the right hemisphere plays a strong role in spatial processing while 
the left hemisphere is generally language-dominant. The left PMv directly borders Broca’s 
area (BA 44) and these areas have comparable cytoarchitectural characteristics [43,44]. 
Efficient interaction between the left PMv and Broca’s area may thus have a function in the 
transposition of an overlearned language code in writing movements. The relative positions 
of the PMd and PMv with respect to the somatotopical organization of the primary motor 
cortex also hint at a differential contribution of these areas to proximal and distal movements 
[45]. Moreover, the primary output of the PMv goes to the hand representation of the primary 
motor cortex and the spinal cord segments that control distal hand movements [36,37].
This behavioral study generated succinct hypotheses for further functional brain imaging. 
Functional magnetic resonance imaging (fMRI) is a non-invasive technique that uses 
fluctuations in blood oxygen level as an index for neuronal activity, based on the paramagnetic 
deoxyhemoglobin as endogenous contrast [46,47]. With fMRI, it is possible to identify which 
brain areas are involved in a specific task. Combining these findings with knowledge about 
regional specialization of brain areas and network dynamics makes it possible to allude on 
a functional differentiation of the involved areas in the specific task. We aimed to confirm 




PMd to distal and proximal movements in writing. To that end, we obtained fMRI scans 
of right-handed healthy subjects who had to write with their right and left hands (Chapter 
3). We included a higher-order motor control task of drawing simple geometrical figures to 
investigate the writing-specific character of this dissociation, while simple tapping served 
as a basic motor control task. With these control tasks we were able to explore to what 
extent writing is represented in the brain as a unique kind of manual language performance 
or whether it is ‘merely’ a complex manual skill. It has been shown that handedness and 
language are supported by a common and co-lateralized network [42], favoring the idea 
that writing is not just a complex manual task. An evolutionary interesting perspective is the 
observation that a population-level right-hand preference for gestural communication exists 
in non-human primates, although this is not unequivocally proven [48] Because writing is 
a relatively recent cultural development, it is likely that the brain relies on existing cerebral 
structures to execute writing tasks [49].
While the left hemisphere is most often dominant for both praxis and language [42,50], the 
right hemisphere has a more important role in visuospatial processing [51-53]. The PMd needs 
information from both visual hemifields for correct visuomotor processing, implying that the 
PMd has to process information from both hemispheres. In this respect, we hypothesized 
that the right PMd receives more sensory information from the contralateral hemisphere than 
the left PMd from the right hemisphere. In Chapter 4 we addressed this hypothesis using 
diffusion tensor imaging (DTI) in right-handed healthy subjects. 
Impaired premotor cortex function
Functional impairment of premotor cortex regions may result from a local lesion, either in the 
premotor cortex itself or in areas inflicting disconnection with crucial regions that participate 
in the same functional network. Another cause of impaired premotor cortex function may 
be a reduced input from basal ganglia-thalamic loops, which is the case in e.g. Parkinson’s 
disease (PD). The main pathology in PD is the loss of dopaminergic neurons in the substantia 
nigra pars compacta [54] that eventually leads to the core motor symptoms of bradykinesia, 
rigidity, tremor and postural instability [55]. Patients with PD show a decreased activity of the 
SMA [56-58] that can be improved with levodopa [59,60], apomorphine [58] or deep brain 
stimulation of the subthalamic nucleus [61]. Apparently, there is impaired cortical function 
that can be improved with therapy. Studies with various learning tasks have demonstrated that 
training may induce structural changes in both grey and white matter [62]. Similarly, long-
term reduced activation may lead to structural alterations in the cortex. These observations 
generate the question whether regionally reduced cortical function in PD, specifically in 
the SMA, may not only be due to reduced activation from the basal ganglia, but that the 
latter may cause subsequent anatomical changes in the cortex [63]. To answer that question, 
Chapter 5 describes a large voxel-based morphometry (VBM) study on brain MRI data to 
assess whether a reduction in grey matter volume of the SMA in PD patients can be found 
compared to healthy controls. VBM is a technique that performs a voxel-wise comparison 
of local grey matter density between groups, after segmentation and normalization of high-
resolution anatomical MRI scans to a common reference frame [64]. Reductions in regional 
grey matter density, or grey matter atrophy, can be detected without the subjective influence 
of region of interest definition.
PD not only causes dysfunction of the core motor system, but also leads to deterioration in 
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multiple cognitive domains. For example, visuospatial dysfunction occurs relatively often 
in PD [65]. In this respect, micrographia is an early sign of PD with a prevalence ranging 
from 15% to 50% [66,67]. Remarkably, patients with PD without medication seem to write 
larger if there is no visual feedback on their own writing, while patients with medication and 
controls do not have a change in size of writing after withdrawal of visual feedback [68]. In 
Chapter 6 we aimed to reproduce these findings, also reinforced by an earlier study from 
our group which suggested that PD patients indeed increase the size of zigzag drawing in 
the absence of visual feedback [69]. This might, however, also be true for healthy controls 
[70,71].
From the preceding paragraph it follows that PD patients write smaller even though they are 
able to perform normal-sized writing, while the absence of external stimuli (visual feedback) 
causes a paradoxical increase in the size of writing. Apparently, the learned motor program to 
write is completely intact, but there is a changed visuomotor transformation and integration 
in these patients. The parietal cortex is involved in both the processing of spatial information 
as well as the generation of task-related movements [72]. It takes part in the so-called dorsal 
stream, positioned between primary and secondary visual areas and the premotor cortex 
[73]. This network supports visually guided actions, spatial navigation and spatial working 
memory [73]. In other words, motor actions are planned within a three-dimensional template 
that represents the external world. In a previous experiment of our group investigating axial 
orientation incongruity in visual and motor domains, it was demonstrated that the left PMd 
was particularly implicated in motor incongruity, while the right parietal cortex and right 
PMd were related to visual incongruity [69]. These findings support that motor and visual 
coordinates are separately aligned in the brain and eventually matched on an internal reference 
system [69,74]. This interesting finding generates the question whether such separation is 
also implicated in the cerebral mechanisms that underlie scaling of size.
To gain more insight in the cerebral mechanisms that underlie motor and visual aspects of 
scaling of size in visuomotor control, we performed an fMRI study in right-handed healthy 
subjects (Chapter 7). We varied the size of an example elementary figure while subjects 
had to maintain a constant size of drawing or had to make larger or smaller copies of the 
presented figures. We expected a dissociation between perceptual and motor processing of 
size. It seems plausible that there is an internal reference system involved in the scaling of 
size. The aperture of the hand is adjusted to the size of the pen to be able to pick up a pen, 
without first touching it. A changed visual perspective of the pen does not alter its identity, 
while it does require an adjusted aperture of the hand. Similarly, the aperture of the hand 
must remain constant for the pen, irrespective whether it lies nearby or far away, although 
the retinal projection of the object is smaller when far away. Perception of size can easily be 
manipulated through changes in the environment of an object [75,76], suggesting that the 
visual estimation of size is not embedded in a rigid coordinate frame. 
As opposed to the impaired premotor cortex function in PD, more direct functional impairment 
of the premotor cortex can be due to infiltration of tumor and subsequent resection of the tumor. 
In this respect, the SMA syndrome is particularly interesting. Following unilateral resection 
of tumors in the SMA, patients can develop mutism and a global akinesia with preserved 
strength, predominantly on the contralateral side [77]. The symptoms completely resolve 
within weeks to months, with only a residual deficit in alternating bimanual movements. 
The temporary nature and minor deficits after recovery of the syndrome offer insight in the 




SMA syndrome regarding the function of the SMA, integrating lesions studies with current 
neuroimaging studies. Of particular interest are the similarities with PD and tics, in which the 
SMA also seems to have a role in the etiology of symptoms.
Motor and language tracts in tumor surgery
Surgical resection of the SMA and in general of tumors near motor and language areas of 
the brain is very challenging. Clear delineation of tumor margins is of utmost importance, 
because surgical resection is a difficult balance between maximal surgical resection of a tumor 
and minimal injury to adjacent functional white matter tracts and grey matter. Preoperative 
determination of safe resection margins is still a major challenge in surgical neuro-oncology. 
Given that a function is not represented in an isolated location in the brain but embedded in 
distributed neuronal networks, identification of eloquent tracts may improve neurosurgical 
planning in the approach to a tumor. With DTI, it is possible to visualize white matter tracts in 
vivo. Chapter 9 gives an overview of DTI and its current role in tumor surgery. In Chapter 
10 we describe a pilot study in patients with left-hemisphere tumors where we gained 
experience with the technique, describing the limitations of the currently applied technique.




1. Hughlings Jackson J. On the comparative study of diseases of the nervous system. BMJ 
1889;2:355-362.
2. Georgopoulos AP. Higher order motor control. Annu Rev Neurosci 1991;14:361-377.
3. Dum RP, Strick PL. The origin of corticospinal projections from the premotor areas in the frontal 
lobe. J Neurosci 1991 Mar;11(3):667-689.
4. Mayka MA, Corcos DM, Leurgans SE, Vaillancourt DE. Three-dimensional locations and 
boundaries of motor and premotor cortices as defined by functional brain imaging: a meta-analysis. 
Neuroimage 2006 Jul 15;31(4):1453-1474.
5. Tanji J. The supplementary motor area in the cerebral cortex. Neurosci Res 1994 May;19(3):251-
268.
6. Nachev P, Kennard C, Husain M. Functional role of the supplementary and pre-supplementary 
motor areas. Nat Rev Neurosci 2008 Nov;9(11):856-869.
7. Murray EA, Coulter JD. Organization of corticospinal neurons in the monkey. J Comp Neurol 
1981 Jan 10;195(2):339-365.
8. Maier MA, Armand J, Kirkwood PA, Yang HW, Davis JN, Lemon RN. Differences in the 
corticospinal projection from primary motor cortex and supplementary motor area to macaque 
upper limb motoneurons: an anatomical and electrophysiological study. Cereb Cortex 2002 
Mar;12(3):281-296.
9. Luppino G, Matelli M, Camarda R, Rizzolatti G. Corticospinal projections from mesial frontal and 
cingulate areas in the monkey. Neuroreport 1994 Dec 20;5(18):2545-2548.
10. He SQ, Dum RP, Strick PL. Topographic organization of corticospinal projections from the frontal 
lobe: motor areas on the medial surface of the hemisphere. J Neurosci 1995 May;15(5 Pt 1):3284-
3306.
11. Mitz AR, Wise SP. The somatotopic organization of the supplementary motor area: intracortical 
microstimulation mapping. J Neurosci 1987 Apr;7(4):1010-1021.
12. Shima K, Tanji J. Both supplementary and presupplementary motor areas are crucial for the 
temporal organization of multiple movements. J Neurophysiol 1998 Dec;80(6):3247-3260.
13. Shima K, Tanji J. Neuronal activity in the supplementary and presupplementary motor areas for 
temporal organization of multiple movements. J Neurophysiol 2000 Oct;84(4):2148-2160.
14. Bohland JW, Guenther FH. An fMRI investigation of syllable sequence production. Neuroimage 
2006 Aug 15;32(2):821-841.
15. Lim SH, Dinner DS, Pillay PK, Luders H, Morris HH, Klem G, et al. Functional anatomy of 
the human supplementary sensorimotor area: results of extraoperative electrical stimulation. 
Electroencephalogr Clin Neurophysiol 1994 Sep;91(3):179-193.
16. Mayer AR, Zimbelman JL, Watanabe Y, Rao SM. Somatotopic organization of the medial wall 
of the cerebral hemispheres: a 3 Tesla fMRI study. Neuroreport 2001 Dec 4;12(17):3811-3814.
17. Chainay H, Krainik A, Tanguy ML, Gerardin E, Le Bihan D, Lehericy S. Foot, face and hand 
representation in the human supplementary motor area. Neuroreport 2004 Apr 9;15(5):765-769.
18. Fontaine D, Capelle L, Duffau H. Somatotopy of the supplementary motor area: evidence from 
correlation of the extent of surgical resection with the clinical patterns of deficit. Neurosurgery 
2002 Feb;50(2):297-303; discussion 303-5.
19. Fried I, Katz A, McCarthy G, Sass KJ, Williamson P, Spencer SS, et al. Functional organization 
of human supplementary motor cortex studied by electrical stimulation. J Neurosci 1991 
Nov;11(11):3656-3666.
20. Luppino G, Matelli M, Camarda R, Rizzolatti G. Corticocortical connections of area F3 (SMA-
proper) and area F6 (pre-SMA) in the macaque monkey. J Comp Neurol 1993 Dec 1;338(1):114-
140.
21. Akkal D, Dum RP, Strick PL. Supplementary motor area and presupplementary motor area: targets 
of basal ganglia and cerebellar output. J Neurosci 2007 Oct 3;27(40):10659-10673.
22. Lehericy S, Ducros M, Krainik A, Francois C, Van de Moortele PF, Ugurbil K, et al. 3-D diffusion 





23. Liu J, Morel A, Wannier T, Rouiller EM. Origins of callosal projections to the supplementary 
motor area (SMA): a direct comparison between pre-SMA and SMA-proper in macaque monkeys. 
J Comp Neurol 2002 Jan 28;443(1):71-85.
24. Vergani F, Lacerda L, Martino J, Attems J, Morris C, Mitchell P, et al. White matter connections of 
the supplementary motor area in humans. J Neurol Neurosurg Psychiatry 2014 Apr 16.
25. Catani M, Dell’acqua F, Vergani F, Malik F, Hodge H, Roy P, et al. Short frontal lobe connections 
of the human brain. Cortex 2012 Feb;48(2):273-291.
26. Behrens TE, Johansen-Berg H, Woolrich MW, Smith SM, Wheeler-Kingshott CA, Boulby PA, 
et al. Non-invasive mapping of connections between human thalamus and cortex using diffusion 
imaging. Nat Neurosci 2003 Jul;6(7):750-757.
27. Ford A, McGregor KM, Case K, Crosson B, White KD. Structural connectivity of Broca’s area 
and medial frontal cortex. Neuroimage 2010 Oct 1;52(4):1230-1237.
28. Inase M, Tokuno H, Nambu A, Akazawa T, Takada M. Corticostriatal and corticosubthalamic 
input zones from the presupplementary motor area in the macaque monkey: comparison with the 
input zones from the supplementary motor area. Brain Res 1999 Jul 3;833(2):191-201.
29. Davare M, Rothwell JC, Lemon RN. Causal connectivity between the human anterior intraparietal 
area and premotor cortex during grasp. Curr Biol 2010 Jan 26;20(2):176-181.
30. Chouinard PA, Paus T. The primary motor and premotor areas of the human cerebral cortex. 
Neuroscientist 2006 Apr;12(2):143-152.
31. Binkofski F, Buccino G, Posse S, Seitz RJ, Rizzolatti G, Freund H. A fronto-parietal circuit for 
object manipulation in man: evidence from an fMRI-study. Eur J Neurosci 1999 Sep;11(9):3276-
3286.
32. Buxbaum LJ, Kyle KM, Tang K, Detre JA. Neural substrates of knowledge of hand postures 
for object grasping and functional object use: evidence from fMRI. Brain Res 2006 Oct 
30;1117(1):175-185.
33. Clavagnier S, Prado J, Kennedy H, Perenin MT. How humans reach: distinct cortical systems for 
central and peripheral vision. Neuroscientist 2007 Feb;13(1):22-27.
34. Shipp S, Blanton M, Zeki S. A visuo-somatomotor pathway through superior parietal cortex 
in the macaque monkey: cortical connections of areas V6 and V6A. Eur J Neurosci 1998 
Oct;10(10):3171-3193.
35. He SQ, Dum RP, Strick PL. Topographic organization of corticospinal projections from the frontal 
lobe: motor areas on the lateral surface of the hemisphere. J Neurosci 1993 Mar;13(3):952-980.
36. Shimazu H, Maier MA, Cerri G, Kirkwood PA, Lemon RN. Macaque ventral premotor cortex 
exerts powerful facilitation of motor cortex outputs to upper limb motoneurons. J Neurosci 2004 
Feb 4;24(5):1200-1211.
37. Cerri G, Shimazu H, Maier MA, Lemon RN. Facilitation from ventral premotor cortex of primary 
motor cortex outputs to macaque hand muscles. J Neurophysiol 2003 Aug;90(2):832-842.
38. Fogassi L, Gallese V, Buccino G, Craighero L, Fadiga L, Rizzolatti G. Cortical mechanism for the 
visual guidance of hand grasping movements in the monkey: A reversible inactivation study. Brain 
2001 Mar;124(Pt 3):571-586.
39. Jeannerod M, Arbib MA, Rizzolatti G, Sakata H. Grasping objects: the cortical mechanisms of 
visuomotor transformation. Trends Neurosci 1995 Jul;18(7):314-320.
40. Lu MT, Preston JB, Strick PL. Interconnections between the prefrontal cortex and the premotor 
areas in the frontal lobe. J Comp Neurol 1994 Mar 15;341(3):375-392.
41. Wise SP, Boussaoud D, Johnson PB, Caminiti R. Premotor and parietal cortex: corticocortical 
connectivity and combinatorial computations. Annu Rev Neurosci 1997;20:25-42.
42. Vingerhoets G, Alderweireldt AS, Vandemaele P, Cai Q, Van der Haegen L, Brysbaert M, et 
al. Praxis and language are linked: evidence from co-lateralization in individuals with atypical 
language dominance. Cortex 2013 Jan;49(1):172-183.




44. Petrides M, Pandya DN.  Comparative architectonic analysis of the human and the macaque frontal 
cortex. In F. Boller & J. Grafman (Eds.), Handbook of neuropsychology. Amsterdam: Elsevier. 
1997:17-58.
45. Penfield W, Rasmussen T. The cerebral cortex of man: a clinical study of localization of function. 
Macmillan, New York. 1950.
46. Ogawa S, Lee TM, Kay AR, Tank DW. Brain magnetic resonance imaging with contrast dependent 
on blood oxygenation. Proc Natl Acad Sci U S A 1990 Dec;87(24):9868-9872.
47. Logothetis NK, Pauls J, Augath M, Trinath T, Oeltermann A. Neurophysiological investigation of 
the basis of the fMRI signal. Nature 2001 Jul 12;412(6843):150-157.
48. Meguerditchian A, Vauclair J, Hopkins WD. On the origins of human handedness and language: 
a comparative review of hand preferences for bimanual coordinated actions and gestural 
communication in nonhuman primates. Dev Psychobiol 2013 Sep;55(6):637-650.
49. Dehaene S, Cohen L, Sigman M, Vinckier F. The neural code for written words: a proposal. Trends 
Cogn Sci 2005 Jul;9(7):335-341.
50. Callaert DV, Vercauteren K, Peeters R, Tam F, Graham S, Swinnen SP, et al. Hemispheric 
asymmetries of motor versus nonmotor processes during (visuo)motor control. Hum Brain Mapp 
2011 Aug;32(8):1311-1329.
51. Corballis PM. Visuospatial processing and the right-hemisphere interpreter. Brain Cogn 2003 
Nov;53(2):171-176.
52. Pisella L, Alahyane N, Blangero A, Thery F, Blanc S, Pelisson D. Right-hemispheric dominance 
for visual remapping in humans. Philos Trans R Soc Lond B Biol Sci 2011 Feb 27;366(1564):572-
585.
53. Vogel JJ, Bowers CA, Vogel DS. Cerebral lateralization of spatial abilities: a meta-analysis. Brain 
Cogn 2003 Jul;52(2):197-204.
54. Braak H, Braak E. Pathoanatomy of Parkinson’s disease. J Neurol 2000 Apr;247 Suppl 2:II3-10.
55. Jankovic J. Parkinson’s disease: clinical features and diagnosis. J Neurol Neurosurg Psychiatry 
2008 Apr;79(4):368-376.
56. Eidelberg D, Moeller JR, Dhawan V, Spetsieris P, Takikawa S, Ishikawa T, et al. The metabolic 
topography of parkinsonism. J Cereb Blood Flow Metab 1994 Sep;14(5):783-801.
57. Grafton ST. Contributions of functional imaging to understanding parkinsonian symptoms. Curr 
Opin Neurobiol 2004 Dec;14(6):715-719.
58. Jenkins IH, Fernandez W, Playford ED, Lees AJ, Frackowiak RS, Passingham RE, et al. Impaired 
activation of the supplementary motor area in Parkinson’s disease is reversed when akinesia is 
treated with apomorphine. Ann Neurol 1992 Dec;32(6):749-757.
59. Buhmann C, Glauche V, Sturenburg HJ, Oechsner M, Weiller C, Buchel C. Pharmacologically 
modulated fMRI--cortical responsiveness to levodopa in drug-naive hemiparkinsonian patients. 
Brain 2003 Feb;126(Pt 2):451-461.
60. Haslinger B, Erhard P, Kampfe N, Boecker H, Rummeny E, Schwaiger M, et al. Event-related 
functional magnetic resonance imaging in Parkinson’s disease before and after levodopa. Brain 
2001 Mar;124(Pt 3):558-570.
61. Grafton ST, Turner RS, Desmurget M, Bakay R, Delong M, Vitek J, et al. Normalizing motor-
related brain activity: subthalamic nucleus stimulation in Parkinson disease. Neurology 2006 Apr 
25;66(8):1192-1199.
62. Zatorre RJ, Fields RD, Johansen-Berg H. Plasticity in gray and white: neuroimaging changes in 
brain structure during learning. Nat Neurosci 2012 Mar 18;15(4):528-536.
63. Gonzalez-Redondo R, Garcia-Garcia D, Clavero P, Gasca-Salas C, Garcia-Eulate R, Zubieta JL, 
et al. Grey matter hypometabolism and atrophy in Parkinson’s disease with cognitive impairment: 
a two-step process. Brain 2014 Aug;137(Pt 8):2356-2367.
64. Ashburner J, Friston KJ. Voxel-based morphometry--the methods. Neuroimage 2000 Jun;11(6 Pt 
1):805-821.
65. Caballol N, Marti MJ, Tolosa E. Cognitive dysfunction and dementia in Parkinson disease. Mov 




66. McLennan JE, Nakano K, Tyler HR, Schwab RS. Micrographia in Parkinson’s disease. J Neurol 
Sci 1972 Feb;15(2):141-152.
67. Wagle Shukla A, Ounpraseuth S, Okun MS, Gray V, Schwankhaus J, Metzer WS. Micrographia 
and related deficits in Parkinson’s disease: a cross-sectional study. BMJ Open 2012 Jun 
25;2(3):10.1136/bmjopen-2011-000628. Print 2012.
68. Ondo WG, Satija P. Withdrawal of visual feedback improves micrographia in Parkinson’s disease. 
Mov Disord 2007 Oct 31;22(14):2130-2131.
69. de Jong BM, Frackowiak RS, Willemsen AT, Paans AM. The distribution of cerebral activity 
related to visuomotor coordination indicating perceptual and executional specialization. Brain Res 
Cogn Brain Res 1999 May;8(1):45-59.
70. van Doorn RR, Keuss PJ. Does the production of letter strokes in handwriting benefit from vision? 
Acta Psychol (Amst) 1993 Mar;82(1-3):275-290.
71. van Doorn RR, Keuss PJ. The role of vision in the temporal and spatial control of handwriting. 
Acta Psychol (Amst) 1992 Dec;81(3):269-286.
72. Mountcastle VB. The parietal system and some higher brain functions. Cereb Cortex 1995 Sep-
Oct;5(5):377-390.
73. Kravitz DJ, Saleem KS, Baker CI, Mishkin M. A new neural framework for visuospatial processing. 
Nat Rev Neurosci 2011 Apr;12(4):217-230.
74. Andersen RA, Buneo CA. Intentional maps in posterior parietal cortex. Annu Rev Neurosci 
2002;25:189-220.
75. Gregory RL. Emmert’s Law and the moon illusion. Spat Vis 2008;21(3-5):407-420.
76. Roberts B, Harris MG, Yates TA. The roles of inducer size and distance in the Ebbinghaus illusion 
(Titchener circles). Perception 2005;34(7):847-856.
77. Laplane D, Talairach J, Meininger V, Bancaud J, Orgogozo JM. Clinical consequences of 
corticectomies involving the supplementary motor area in man. J Neurol Sci 1977 Dec;34(3):301-
314.
Human Movement Science 2011;30:1072-1078
Department of Neurology




Different distal-proximal movement balances in 






Right-handed people generally write with their right hand. Language expressed in script is thus 
performed with the hand also preferred for skilled motor tasks. This may suggest an efficient 
functional interation between the language area of Broca and the adjacent ventral premotor 
cortex (PMv) in the left (dominant) hemisphere. Pilot observations suggested that distal 
movements are particularly implicated in cursive writing with the right hand and proximal 
movements in left-hand writing, which generated ideas concerning hemisphere-specific roles 
of PMv and dorsal premotor cortex (PMd). Now we examined upper-limb movements in 
30 right-handed participants during right- and left-hand writing, respectively. Quantitative 
description of distal and proximal movements demonstrated a significant difference between 
movements in right- and left-hand writing (p<0.001, Wilcoxon signed-rank test). A Distal 
Movement Excess (DME) characterized writing with the right hand, while proximal and 
distal movements similarly contributed to left-hand writing. Although differences between 
non-language drawings were not tested, we propose that the DME in right-hand writing may 
reflect functional dominance of PMv in the left hemisphere. More proximal movements in 
left-hand writing might be related to PMd dominance in right-hemisphere motor control, 
logically implicated in spatial visuomotor transformations as seen in reaching.
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IntroductIon
The macroscopic anatomy of each of one’s two hands is the mirror image of the opposite 
hand. The ability to perform skilled movement, however, differs between the two. Although 
lateral asymmetry of the peripheral nervous system has been suggested to play a role [1,2], 
this difference is mainly due to functional differences between the two cerebral hemispheres, 
each dominating control of the contralateral hand. Such cerebral control is particularly 
maintained by the output of the primary motor cortex (M1). Its large corticospinal neurons 
exert direct influence on the contralateral motor nuclei in the spinal cord and are important for 
the fractionation of independent finger movements [3,4]. In addition, goal-directed movement 
requires elaborate sensori-motor transformations with resulting information channeled 
particularly through the premotor cortex to M1 [5-9]. In this study, we made behavioral 
assessments of right- and left-writing, with the conceptual assumption that particularly in the 
left hemisphere, the ventral premotor cortex (PMv) might contribute prominently to writing 
with contralateral (right) hand.
Within the premotor cortex (Brodmann’s Area BA 6), the PMv can be distinguished from the 
dorsal premotor cortex (PMd) by differences in both functional specialization and parietal 
interconnections [10]. It is particularly implicated in visuomotor transformations from 
perceived object shape to prehensile commands, embedded in circuitry that further includes 
antero-ventral parietal cortex regions [11-13], while the PMd is strongly interconnected with 
postero-superior parietal regions and plays a dominant role in navigating the hand to the 
target location [11,14,15]. Particularly movements of the shoulder define the direction of 
such navigation. In humans, spatial processing underlying these visuomotor transformations 
is represented more strongly in the right hemisphere [16,17]. Aside from output to M1, the 
PMd has substantial direct output to various spinal cord segments, while such direct influence 
of PMv is smaller and mostly restricted to spinal cord segments corresponding with distal 
hand movements [18]. The main output of PMv also concerns the hand representation on M1 
[19]. Another difference between PMv and PMd is the large impact of adjacent prefrontal 
cortex on PMv while PMd is relatively stronger influenced by parietal input, which supported 
the concept of real-time visuomotor actions being controlled along a dorsal visual pathway, 
whereas ventral prefrontal – PMv interconnection provides memory contributions to 
visuomotor actions [20,21]. Efficient functional interaction between Broca’s language area 
and the PMv in the left (dominant) hemisphere, two cortical fields that share cytoarchitectural 
characteristics (BA44) [22,23], may thus logically reflect the motor ability to transpose an 
overlearned language code in writing movements. This intimate functional relation between 
language and prehension is further reflected by the pattern of interconnections between 
posterior temporal- and ventral parietal-prefrontal regions sustained by left perisylvian fiber 
tracts [24,25].
In this study, differences in distal and proximal arm movements during natural cursive writing 
with respectively the right and the left hand were examined in right-handed participants. We 
aimed to quantitatively confirm our pilot observations that distal upper limb movements were 
particularly used for cursive right-hand writing, while left-hand writing was more constituted 
by proximal arm movement. Such functional difference between right- and left-hand writing 
would enhance conceptual thinking on hemisphere-specific contributions of the PMv and 
PMd to this particular visuomotor task.
Methods




(M = 31.8; SD = 14.2) were included. Right-handedness was assessed using the Edinburgh 
Inventory [26]. Subjects were additionally asked whether they currently played sports or a 
musical instrument. No further personal details, including names, were filed. Subjects were 
sitting at a desk. On a paper in front of them they had to cursively write in a natural fashion 
their name and the sentence ‘‘’It is the — week of the month’’ (in Dutch, number dependent 
on the actual week). This instruction was given verbally, without any comment on the size 
of script. Using a ballpoint, writing was performed with successively the right and the left 
hand, with sleeves rolled back as to allow investigators to optimally observe upper limb 
movements. Movement observations were done by one of the involved investigators together 
with a varying independent lay observer. An index for the size of writing was obtained by 
measuring the (vertical) distance between virtual lines along the lower and upper delineations 
of the letters ‘‘s e wee o e mon’’.
Joined movements of wrist and fingers as well as movements of the forearm along its own 
axis were each rated according to the following scale: (0) no movements at all, (1) minor 
movements, (2) abundant movements, (3) exclusively movements of either wrist/fingers or 
forearm. The mean score of the two observers thus provided for each participant a value 
for distal and proximal movements, respectively, both for right- and for left-hand writing. 
As stated above, only proximal movements along the axis of the forearm were taken in 
account, (minor) translations of the forearm in the horizontal line of writing were ignored. 
By attributing a positive value to distal and a negative value to proximal movements, the 
resulting score represented a Distal Movement Excess (DME) for the assessed arm. E.g., 
writing performed by exclusively moving the wrist and fingers was classified as (3–0) = 
+3 for the observed arm. A difference in DME between right- and left-hand writing was 
tested for statistical significance with the Wilcoxon signed-rank test, using SPSS 16. A 95% 
confidence interval was calculated for the median DME concerning right- and left-hand 
writing, respectively.
We further assessed inter-observer differences, gender differences in DME, correlation 
between DME and Edinburgh Inventory scores, and correlation between DME and age, 
respectively. To test for inter-observer differences, DME values (30 participants, 2 limbs 
each) were calculated from the ratings that were made by two observers for each participant. 
Paired Sample Statistics was subsequently applied on the two resulting sets of 60 values 
each (two-tailed). Mean values (and SD) for the size of writing were calculated for right and 
left-hand writing, respectively, and tested for differences using a paired t-test. Threshold for 
statistical significance was set at p < 0.05.
results
Writing with the right hand was performed almost exclusively with distal arm movements as 
revealed by a median DME score of +3, with a 95% confidence interval of 0 (Fig. 1). Only one 
of 30 participants made use of additional proximal movements, although distal movements 
were dominant in this participant too (Fig. 2A). This positive DME was significantly different 
from the median DME score of -1 obtained for left-hand writing (p < 0.001, Wilcoxon 
signed-rank test), but was not significantly different from 0 (the 95% confidence interval 
was between 0 and -1) (Fig. 1). In left-hand writing, 18 participants made predominantly use 
of proximal movements, 6 participants showed an even contribution of distal and proximal 
movements and 6 participants made more use of distal movements (Fig. 2B). None of them 
made exclusively use of distal movements. No significant correlations between DME and 
either right-handedness (Fig. 2), age or gender were found. By using the ratings made for 
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the two limbs of each of the 30 participants (n = 60), we derived a mean DME (SD) of 1.07 
(2.16) for the investigator involved and 1.20 (2.09) for the lay observer. Testing for paired 
differences (M = 0.13; SD = 0.96) revealed that no inter-observer difference was present (p 
= 0.29).
Size of writing with the left hand (M = 0.62 cm; SD = 0.41; range 0.2–2.0) was 
significantly larger than the size of right-hand writing (M = 0.37 cm; SD = 0.42; range 0.2–
Figure 1. Distal – proximal movement balance. Balance between distal and proximal arm movements 
during cursive writing in the group of 30 participants, expressed as the median Distal Movement Excess 
(DME). Positive values thus represent more distal than proximal movements, negative values point 
at a proximal movement excess. The 95% confidence interval was calculated for right-hand writing 
(between +3 and +3) and left-hand writing (between -1 and 0, vertical arrow), respectively. *p < 0.001 
(Wilcoxon signed-rank test).
2
Figure 2. DME is plotted against handedness (Edinburgh inventory) for cursive writing with (A) the 
right and (B) left hand, respectively. No correlation was found. Numbers in the graph indicate the 
number of participants with that score, for scores of a single participant no numbers are added.
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1.2) (p < 0.001). Paired sample correlation showed a significant correlation between the size 
of left- and right-hand writing among the 30 participants (correlation coefficient 0.90; p < 
0.001). In right-hand writing, size of script was not associated with DME: all participants 
but one exclusively used distal movements for writing (Fig. 3A). Proximal movements 
always contributed to left-hand writing, independent from the size of writing, while distal 
movements were less implicated in larger script size (Fig. 3B).
dIscussIon
The dominance of distal movements in natural cursive writing with the right hand, and the 
significantly stronger contribution of proximal movements to left-hand writing (in right-
handed participants) provided quantitative confirmation of our preceding observations. Distal 
movement dominance in right-hand writing has been described in previous kinematic studies, 
which further revealed that increased graphical size recruited more proximal movements of 
the same right arm [27-29]. A stronger contribution of proximal movements to writing with 
the left hand has been reported before by Mack et al. (1993) [30]. In their study, proximal 
movements were rated by video-taped elbow displacements, which included movements in 
the horizontal line of writing. Proximal movements in our study only concerned translations 
along the axis of the forearm, resulting from shoulder- and elbow joint excursions. Moreover, 
our scale provided an index for the distal-proximal movement balance. The mean size of 
script was larger in left- than in right-hand writing. As mechanical qualities of the two hands 
are highly similar, the obvious difference in DME for left- and right-hand writing within the 
same range of script size demonstrated that the stronger proximal movement contribution to 
left-hand writing was not due to an increased size of writing.
Differences between the two upper limbs with regard to the use of distal and proximal 
movements in writing point at distinct characteristics in the cerebral organization of motor 
control and a possible relation with language. To what extent the DME for the right hand is 
specific for cursive writing or whether it also holds for block letters or non-language symbols 
cannot be concluded from the present study. The recent fMRI study that demonstrated 
stronger left intermediate premotor cortex activation in the perception of handwritten letters, 
compared to printed letters, might provide support for writing-specific lateralization [31]. A 
Figure 3. DME is plotted against the size of writing (in cm) for (A) the right and (B) the left hand, 
respectively. Numbers in the graph indicate the number of participants with that score, for scores of a 
single participant no numbers are added.
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standing question, nevertheless, remains to what extent language expression, manual skill 
and tool use have a common embedding in the brain [32,33]. Overlap of left-hemisphere 
regions implicated in these functions, with an important role of the ventral premotor cortex 
in each of them, has been used as an argument for a common evolutionary development [34-
36].
Although our results do not allow final conclusions with regard to a writing-specific DME 
of the right hand, they generate succinct hypotheses for further additional behavioral studies 
as well as functional brain imaging. The assessment of left-handed participants is one of 
the topics to be addressed in such studies. In case of left-handedness, one would predict a 
mirror result because language function is generally represented in the right hemisphere of 
such participants. Most intriguing would be the condition of left-handedness with language 
function still in the left hemisphere. To solve this issue would additionally require functional 
brain imaging. The effect of practice should also be investigated, particularly to assess 
whether the ‘frozen’ left wrist might become more mobile. In our present study, right-hand 
writing can be considered to be overlearned while left-hand writing concerned a novel task. 
Nevertheless, DME in cursive right-hand writing does fit the model that particularly the left 
PMv contributes to this movement type, as we motivated in the introduction.
To conclude, we quantitatively demonstrated that right-handed participants used almost 
exclusively distal arm movements in cursive right-hand writing, while these participants 
performed left-hand writing with combined proximal and distal movements. We propose 
that this right-left difference may be explained by the dominant PMv contribution to the 
organization of skilled movement in the left hemisphere and PMd dominance in the right 
hemisphere. To what extent this segregation is specific for writing needs to be further 
elucidated. Next to behavioral experiments, functional brain imaging may provide a tool to 





1. Aimonetti JM, Morin D, Schmied A, Vedel JP, Pagni S. Proprioceptive control of wrist extensor 
motor units in humans: dependence on handedness. Somatosens Mot Res 1999;16(1):11-29.
2. Cuturic M, Shamsnia M, Palliyath S. Lateral asymmetry of motor unit number estimate (MUNE). 
Electromyogr Clin Neurophysiol 2005 Jun;45(4):233-239.
3. Chouinard PA, Paus T. The primary motor and premotor areas of the human cerebral cortex. 
Neuroscientist 2006 Apr;12(2):143-152.
4. Passingham R, Perry H, Wilkinson F. Failure to develop a precision grip in monkeys with unilateral 
neocortical lesions made in infancy. Brain Res 1978 Apr 28;145(2):410-414.
5. Barbas H, Pandya DN. Architecture and frontal cortical connections of the premotor cortex (area 
6) in the rhesus monkey. J Comp Neurol 1987 Feb 8;256(2):211-228.
6. Picard N, Strick PL. Imaging the premotor areas. Curr Opin Neurobiol 2001 Dec;11(6):663-672.
7. Sakata H, Taira M, Kusunoki M, Murata A, Tanaka Y. The TINS Lecture. The parietal association 
cortex in depth perception and visual control of hand action. Trends Neurosci 1997 Aug;20(8):350-
357.
8. Wise SP, Boussaoud D, Johnson PB, Caminiti R. Premotor and parietal cortex: corticocortical 
connectivity and combinatorial computations. Annu Rev Neurosci 1997;20:25-42.
9. Rizzolatti G, Luppino G. The cortical motor system. Neuron 2001 Sep 27;31(6):889-901.
10. Mayka MA, Corcos DM, Leurgans SE, Vaillancourt DE. Three-dimensional locations and 
boundaries of motor and premotor cortices as defined by functional brain imaging: a meta-analysis. 
Neuroimage 2006 Jul 15;31(4):1453-1474.
11. Binkofski F, Buccino G, Posse S, Seitz RJ, Rizzolatti G, Freund H. A fronto-parietal circuit for 
object manipulation in man: evidence from an fMRI-study. Eur J Neurosci 1999 Sep;11(9):3276-
3286.
12. 12. Buxbaum LJ, Kyle KM, Tang K, Detre JA. Neural substrates of knowledge of hand postures 
for object grasping and functional object use: evidence from fMRI. Brain Res 2006 Oct 
30;1117(1):175-185.
13. 13. Davare M, Rothwell JC, Lemon RN. Causal connectivity between the human anterior 
intraparietal area and premotor cortex during grasp. Curr Biol 2010 Jan 26;20(2):176-181.
14. Clavagnier S, Prado J, Kennedy H, Perenin MT. How humans reach: distinct cortical systems for 
central and peripheral vision. Neuroscientist 2007 Feb;13(1):22-27.
15. Shipp S, Blanton M, Zeki S. A visuo-somatomotor pathway through superior parietal cortex 
in the macaque monkey: cortical connections of areas V6 and V6A. Eur J Neurosci 1998 
Oct;10(10):3171-3193.
16. de Jong BM, van der Graaf FH, Paans AM. Brain activation related to the representations of 
external space and body scheme in visuomotor control. Neuroimage 2001 Nov;14(5):1128-1135.
17. Halligan PW, Fink GR, Marshall JC, Vallar G. Spatial cognition: evidence from visual neglect. 
Trends Cogn Sci 2003 Mar;7(3):125-133.
18. He SQ, Dum RP, Strick PL. Topographic organization of corticospinal projections from the frontal 
lobe: motor areas on the lateral surface of the hemisphere. J Neurosci 1993 Mar;13(3):952-980.
19. Shimazu H, Maier MA, Cerri G, Kirkwood PA, Lemon RN. Macaque ventral premotor cortex 
exerts powerful facilitation of motor cortex outputs to upper limb motoneurons. J Neurosci 2004 
Feb 4;24(5):1200-1211.
20. Goodale MA, Westwood DA, Milner AD. Two distinct modes of control for object-directed action. 
Prog Brain Res 2004;144:131-144.
21. van der Graaf FH, Maguire RP, Leenders KL, de Jong BM. Cerebral activation related to implicit 
sequence learning in a Double Serial Reaction Time task. Brain Res 2006 Apr 7;1081(1):179-190.
22. Binkofski F, Buccino G. Motor functions of the Broca’s region. Brain Lang 2004 May;89(2):362-
369.
23. Petrides M, Pandya DN.  Comparative architectonic analysis of the human and the macaque frontal 
cortex. In F. Boller & J. Grafman (Eds.), Handbook of neuropsychology. Amsterdam: Elsevier. 
1997:17-58.
27
Different distal-proximal movement balances in right- and left-hand writing 
24. Catani M, Jones DK, ffytche DH. Perisylvian language networks of the human brain. Ann Neurol 
2005 Jan;57(1):8-16.
25. Ramayya AG, Glasser MF, Rilling JK. A DTI investigation of neural substrates supporting tool 
use. Cereb Cortex 2010 Mar;20(3):507-516.
26. Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. 
Neuropsychologia 1971 Mar;9(1):97-113.
27. Dounskaia N, Van Gemmert AW, Stelmach GE. Interjoint coordination during handwriting-like 
movements. Exp Brain Res 2000 Nov;135(1):127-140.
28. Lacquaniti F. Central representations of human limb movement as revealed by studies of drawing 
and handwriting. Trends Neurosci 1989 Aug;12(8):287-291.
29. Lacquaniti F, Ferrigno G, Pedotti A, Soechting JF, Terzuolo C. Changes in spatial scale in 
drawing and handwriting: kinematic contributions by proximal and distal joints. J Neurosci 1987 
Mar;7(3):819-828.
30. Mack L, Gonzalez Rothi LJ, Heilman KM. Hemispheric specialization for handwriting in right 
handers. Brain Cogn 1993 Jan;21(1):80-86.
31. Longcamp M, Hlushchuk Y, Hari R. What differs in visual recognition of handwritten vs. printed 
letters? An fMRI study. Hum Brain Mapp 2011 Aug;32(8):1250-1259.
32. Toni I, de Lange FP, Noordzij ML, Hagoort P. Language beyond action. J Physiol Paris 2008 Jan-
May;102(1-3):71-79.
33. Willems RM, Hagoort P. Neural evidence for the interplay between language, gesture, and action: 
a review. Brain Lang 2007 Jun;101(3):278-289.
34. Johnson-Frey SH. The neural bases of complex tool use in humans. Trends Cogn Sci 2004 
Feb;8(2):71-78.
35. Johnson-Frey SH, Newman-Norlund R, Grafton ST. A distributed left hemisphere network active 
during planning of everyday tool use skills. Cereb Cortex 2005 Jun;15(6):681-695.
36. Pulvermuller F, Fadiga L. Active perception: sensorimotor circuits as a cortical basis for language. 







University Medical Center Groningen, University of Groningen, the 
Netherlands
A.R.E. Potgieser1,2
A. van der Hoorn1,2,3
B.M. de Jong1,2






Writing is a sequential motor action based on sensorimotor integration in visuospatial and 
linguistic functional domains. To test the hypothesis of lateralized circuitry concerning 
spatial and language components involved in such action, we employed an fMRI paradigm 
including writing and drawing with each hand. In this way, writing-related contributions of 
dorsal and ventral premotor regions in each hemisphere were assessed, together with effects 
in wider distributed circuitry. Given a right-hemisphere dominance for spatial action, right 
dorsal premotor cortex dominance was expected in left-hand writing while dominance of the 
left ventral premotor cortex was expected during right-hand writing.
Sixteen healthy right-handed subjects were scanned during audition-guided writing of short 
sentences and simple figure drawing without visual feedback. Tapping with a pencil served 
as a basic control task for the two higher-order motor conditions. Activation differences were 
assessed with Statistical Parametric Mapping (SPM).
Writing and drawing showed parietal-premotor and posterior inferior temporal activations in 
both hemispheres when compared to tapping. Drawing activations were rather symmetrical 
for each hand. Activations in left- and right-hand writing were left-hemisphere dominant, 
while right dorsal premotor activation only occurred in left-hand writing, supporting a spatial 
motor contribution of particularly the right hemisphere. Writing contrasted to drawing 
revealed left-sided activations in the dorsal and ventral premotor cortex, Broca’s area, pre-
Supplementary Motor Area and posterior middle and inferior temporal gyri, without parietal 
activation.
The audition-driven postero-inferior temporal activations indicated retrieval of virtual visual 
form characteristics in writing and drawing, with additional activation concerning word 
form in the left hemisphere. Similar parietal processing in writing and drawing pointed at a 
common mechanism by which such visually formatted information is used for subsequent 
sensorimotor integration along a dorsal visuomotor pathway. In this, the left posterior middle 
temporal gyrus subserves phonological-orthographical conversion, dissociating dorsal 
parietal-premotor circuitry from perisylvian circuitry including Broca’s area.
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IntroductIon
Writing is a complex manual motor skill, gradually acquired during childhood [1]. In general, 
motor skills of the upper extremities are characterized by a combination of fine distal finger 
and hand movements and more proximal, spatial arm movements. Regarding the underlying 
cerebral organization of such movements, the primary motor cortex (M1) provides the main 
output to the spinal cord level that controls the upper limbs, although the ventral premotor 
cortex (PMv) makes a small contribution too, particularly to the segments that control distal 
hand movements [2,3]. The main output of the PMv, however, goes to the hand presentation 
of the primary motor cortex [4]. The dorsal premotor cortex (PMd) has a stronger role in 
proximal arm movements to navigate the arm in surrounding space to a target location [5]. 
This differential contribution of the PMv and PMd to distal and proximal movements is 
consistent with the somatotopy of the primary motor cortex and the relative positions of the 
PMv and PMd rostrally to it [6]. Likewise, such somatotopic relationship within the premotor 
cortex is also expressed in the distribution of responses in the PMv and PMd evoked by 
visually observed distal and proximal body movements, respectively [7,8].
The apparent role of the premotor cortex in supporting M1 includes its contribution to 
sensorimotor transformations required for goal-directed movements [9-14]. Such a critical 
role in the execution of complex movement sequences has been acknowledged for many 
decades [15]. In this respect, writing is similarly constituted by complex movement sequences 
while it requires additional integration of linguistic functions. It thus seems plausible that 
part of particularly the left (ventral) premotor cortex plays a role in the integration of motor 
and language functions. The left PMv is located adjacent to Broca’s area and these areas 
share cytoarchitectural characteristics [16,17]. This is further reflected by a distal movement 
dominance in right-hand writing, which is not the case when right-handed subjects write 
with their left hand [18,19]. The latter suggests that such an intimate relationship between 
the PMv and frontal language circuitry is lacking in the non-dominant hemisphere. While the 
left hemisphere is dominant for language [20], right-hemisphere dominance is particularly 
described for spatial processing including aspects of visuomotor integration [21-26].
In the present study, functional magnetic resonance imaging (fMRI) was used in right-handed 
subjects to identify cerebral activations related to right- and left-hand writing. By comparing 
these conditions we aimed to test the hypothesis that writing is based on general hemisphere-
specific motor functions discerning fine precision and spatial movements related with the 
left and right hemisphere, respectively, reflected by a differential involvement of the left and 
right PMv and PMd.
Considering the intrinsic complexity of manual writing movements, the suggestion arises 
that writing includes a component of complex tool use, although writing can be effectively 
performed with paint on a single fingertip. Similar arguments hold for drawing. This generates 
the question to what extent writing is essentially an expression of general motor skill, indeed 
connected with language functions, or whether writing emerges from a unique location or 
circuitry. To effectively use a pencil, spinal cord efferents of the primary motor cortex directly 
control the motor units enabling independent (contralateral) finger movements [2,27], while 
the primary motor cortex receives information concerning sensorimotor transformations 
from the premotor cortex to guide goal-directed performance implicated in such writing. 
The convergence of sensorimotor information within extended cerebral circuitry to 





Historically, writing has been attributed to a specific brain region. Exner was the first to 
describe the neurological condition of isolated or pure agraphia, caused by a lesion in the 
posterior part of the left middle frontal gyrus (mFG) [28], at a location later functionally 
coined as premotor cortex. Others have confirmed the important role of this region in writing, 
although the observed dysfunction was not always restricted to a pure agraphia [29-34]. On the 
other hand, the description of various forms of agraphia following lesions at other locations 
in the brain questioned the uniqueness of ‘Exner’s area’ in writing [35,36]. Furthermore, the 
work of Exner has been criticized, because he studied only a limited number of patients of 
whom documentation was not very accurate, while agraphia was often accompanied by other 
symptoms [37]. 
With the advent of fMRI, more detailed descriptions of the putative ‘Exner’s area’ became 
available. Most of these studies indicated that the left mFG, or premotor cortex, is a crucial 
brain region for writing [38-41], although subjects did not actually perform a writing task in 
all studies. Moreover, also the posterior segment of the left superior frontal gyrus (sFG) has 
been claimed to represent the frontal writing center [42], possibly in conjunction with the 
left supramarginal gyrus [43]. Opposed to the concept of a center exclusively involved in 
writing, it has been argued that the frontal (premotor) writing region is an area in which the 
representation of graphemes is embedded, which may thus easily facilitate the generation of 
a motor program to use specific graphemes in writing [29,44]. The results of functional brain 
imaging have highlighted other areas implicated in writing tasks such as the cortex around 
the intraparietal sulcus (IPS), the left angular gyrus, the left posterior inferior temporal gyrus 
(iTG), the supplementary motor area (SMA), pre-SMA, the left supramarginal gyrus and 
mid-cingulate cortex, bilaterally [38-43,45,46]. The fact that a pure agraphia is very rare 
suggests that the ability to write is a complex task relaying on an elaborate neuronal network. 
Moreover, from a theoretical perspective, it has been regarded unlikely that a specific region 
in the brain adopts a relatively recent cultural development, favoring the idea that the human 
brain must rely on existing structures in order to perform this complex task [47].
To summarize our above motivated hypothesis concerning hemisphere-specific motor 
functions underlying writing in right-handed subjects, we (i) expected a relatively larger 
contribution of the left PMv in writing with the right hand due to putative interactions with 
adjacent Broca’s area and (ii) a stronger involvement of the right PMd in left-hand writing 
based on a right-hemisphere dominance for spatial movements particularly executed by 
proximal muscles. To provide support for the writing-specific character of this dissociation, 
we included a ‘higher-order control’ task that required subjects to draw simple geometrical 
figures. This drawing task further enabled us to explore to what extent writing can be seen 
as either a complex manual skill or a unique kind of manual language performance. To gain 
optimal insight in sensorimotor transformations specifically involved in dictated writing 
and drawing, a tapping task was added to control for basic motor-related activations. Our 
design thus provided the opportunity to compare task-related responses in widely distributed 
cerebral circuitry, including parietal and temporal cortical regions, and thus assess whether 
writing and drawing elaborate or partly elaborate the same basic neuronal network.
Methods
Subjects
Sixteen healthy adult right-handed volunteers (9 female), mean age 26.8 years (SD 9.8 years), 
participated in this study. All had Dutch as a native language. The Edinburgh Handedness 
Inventory [48] confirmed that all subjects were right-handed with scores that varied between 
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65 and 100 (mean 88.4, SD 12.1). None of the subjects had neurological or psychiatric 
disorders and there were no lesions of upper extremities. They all signed an informed consent 
according to a protocol approved by the Medical Ethics Committee of the University Medical 
Center Groningen. Study procedures were explained one week before scanning and practiced 
briefly in a dummy MRI immediately before the experiment until subjects understood the 
tasks.
Experimental procedure
The paradigm was constituted by six stimulus-response conditions and one rest condition. 
Subjects had to respectively write a short sentence with either the left or right hand (conditions 
1 and 2), draw geometrical figures with either the left or right hand (3,4) and tap with the 
pencil in either hand (5,6). The task of drawing geometrical figures implied an advanced 
manual skill in using the pencil without linguistic involvement (apart from the auditory 
instructions), thus enabling the identification of writing-related activations, while tapping 
controlled for simple motor activations. During scanning, which was performed in a dark 
environment, subjects were positioned with pillows under their flexed knee, which enabled 
them to give stable support to a metal-free writing-case placed on their lap. With a pencil in 
either hand, they could comfortably write on a paper (size 28 x 32 cm) fixed on this ‘desk’, 
without actually seeing the result of writing.
Subjects were instructed to write in cursive from left towards right and to draw figures in 
a similar order, as in normal writing. Conditions were aurally specified in 1.5 seconds via 
headphone by announcing e.g. ‘write left’ or ‘tap right’. For writing, subjects subsequently 
had to write easy sentences on dictation during 10 s (e.g. ‘the dog barks’ in Dutch). The 
aural instructions were slow enough for subjects to write subsequent words of a sentence on 
dictation. The drawing task was constituted by successive series of four randomly ordered 
geometrical figures (circle, oval, square, triangle) that were also aurally instructed. Tapping 
implied that subjects tapped with the pencil in response to a series of seven aural cues with 
random intervals. Subjects tapped when they heard ‘tap’ (in Dutch). In all three conditions the 
instructed performance allowed optimal filling of the ten second trials, without time pressure. 
The stimuli were presented in a block design, with eight different blocks equally divided over 
two runs (four trials of 11.5 s for the six conditions, see Fig. 1). In each block every condition 
was presented four times. In this way all conditions were presented 32 times. The conditions 
were presented in a pseudo-randomized order using ‘Presentation’ (Neurobehavioural 
systems, Inc. Albany, USA). There were 32 different three-syllable sentences, 32 different 
combinations of figures and 32 tap trials with different intervals between cues. Half of the 
instructions concerned a first performance of the left hand and half concerned initial right-
hand performance. The rest condition implied that subjects ‘hold pencils’ in the first 1.5 
seconds and leave their hands on the writing-case without further action in the following ten 
seconds. During the whole experiment subjects held a pencil in both hands. Subjects were 
in the scanner for about 50 minutes. Between the two runs, a T1-weighted anatomical image 
was acquired and a new paper was placed on the writing-case. An infrared camera in the 
scanner room verified that the subjects actually performed the tasks.
Data acquisition
Data acquisition was performed using a 3 T Philips MR system (Best, The Netherlands) with 
a 32-channel SENSE head coil. Functional images were acquired using a gradient-echo T2* 




view 224 x 136.5 x 224 mm, TR = 2000 ms, TE = 28.0 ms, flip angle 70°, 39 slices without 
slice gap, isotropic voxels 3.5 x 3.5 x 3.5 mm, axial orientation, 650 volumes per run. A T1-
weighted 3D anatomical scan was acquired to obtain high-resolution anatomical information 
with a field of view of 232 x 170 x 256 mm, TR = 9.0 ms, TE = 3.5 ms, flip angle 8°, 170 
slices without slice gap, voxel size 0.9 x 1.0 x 1.0 mm.
Data analysis
Image processing and voxel-based statistical analysis was conducted using Statistical 
Parametric Mapping [49], version 8 (2009, Wellcome Department of Cognitive Neurology, 
London, UK: http://www.fil.ion.ucl.ac.uk/spm). Preprocessing with SPM included 
realignment, coregistration with the anatomical image, normalization to the Echo Planar 
Image (EPI) of the Montreal Neurological Institute (MNI) brain and smoothing with a 
Gaussian filter of eight mm Full Width at Half Maximum (FWHM).
Cerebral activations were rendered on a standard MNI brain. All conditions were modeled 
in a block design at subject level for statistical analysis of regional differences in cerebral 
activations. We corrected for head motion, using regressors describing head motion that 
were included at subject level. These included three rotational and three linear movement 
parameters together with their quadratic, as well as the derivatives of these computations.
To identify the cerebral activations related to the different tasks, activity of the six conditions 
was contrasted with the rest condition. After that, the individual contrasts were compared at 
group level using one-sample t-tests. We assumed that the conditions were dependent with 
equal variance and subjects were assumed to be independent with equal variance. Writing 
and drawing conditions were contrasted with the tapping conditions to correct for simple 
motor activations. Clusters of increased activation were regarded statistically significant at 
p < 0.05 (FWE corrected, cluster extent k = 8). In order to avoid false-negative results, an 
additional assessment was made at voxel-level threshold p < 0.001 (uncorrected, k = 8) to 
identify possible clusters that might additionally reach statistical significance corrected for 
the entire brain volume. Given our hypothesis concerning writing-related activations in the 
Figure 1. Scheme of the experimental paradigm, consisting of six different task conditions and one 
resting condition. The conditions were presented in a pseudorandomized order. The entire experiment 
consisted of eight different blocks, divided over two runs. Each condition was thus presented 32 times. 
There were no delays between different trials.
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PMv and PMd of the two hemispheres [19], it was also used to identify activations in these 
regions in case no effect was seen at the FWE-corrected level. To specifically test whether the 
presence of a differential contribution of either the PMv or PMd to writing, we performed a 
region of interest (ROI) analysis on these areas in each of the two hemispheres. ROI’s were 
derived from an existing human motor area template [50]. We extracted the mean regional 
beta values using these ROI’s. To compare the differential contribution of the PMv and PMd 
we calculated a ratio per subject using the following formula: Beta values PMd / (beta values 
PMd + beta values PMv). For writing with the right hand we calculated this ratio in the left 
hemisphere and for writing with the left hand in the right hemisphere. This allowed us to test 
the differential contribution of the PMv and PMd to writing. We compared the mean ratios of 
right- and left-hand writing with a paired samples t-test with IBM SPSS Statistics version 20. 
This was also done for the drawing task. Differences were considered statistically significant 
when p < 0.025 (Bonferroni correction).
results
Contrasting the higher-order motor conditions writing and drawing to simple tapping 
revealed characteristic distributions of activation that predominantly included parietal and 
premotor cortical regions. At first sight, a strong left-hemisphere dominance was seen in 
writing, not only when performed with the right but also with the left hand (Fig. 2A) while for 
drawing (contrasted to tapping) a rather symmetrical parietal-premotor pattern was revealed, 
regardless of the hand of action (Fig. 2B). These condition-related activations included 
local maxima in the PMd and PMv, at coordinate positions fitting the premotor templates of 
Mayka et al. [50]. To answer our first question concerning hemisphere-specific differences in 
PMd and PMv contributions to contralateral writing, differences between the writing-related 
activations were analyzed.
Differential contribution of the PMv and PMd to left- and right-hand writing
Analysis of the four pre-defined ROI’s revealed that for respectively the left PMv, right PMv 
and left PMd activations related to either right- or left-hand writing were highly similar, 
while right PMd activation was stronger during left- than right-hand writing (Fig. 3A). 
Moreover, activation was stronger in the left than in the right PMv for writing with either 
hand. This hemisphere difference in relative contributions of the PMv and PMd to writing 
was statistically substantiated by a significant difference between the mean activation ratios 
[PMd / (PMd+PMv)] of 0.65 (SD 0.10) for the left hemisphere in right-hand writing and 
0.78 (SD 0.20) for the right hemisphere in left-hand writing (p = 0.021) (Fig. 3A). The ratios 
for the two hemispheres did not differ for the figure drawing task, with mean ratios of 0.82 
(SD 0.35) for the left hemisphere in right-hand drawing and 0.75 (SD 1.3) for the right 
hemisphere in left-hand drawing (p = 0.77) (Fig. 3B). The absence of significance in the latter 
descriptively suggests that the relatively strong right PMd contribution to left-hand writing 
was writing-specific although we acknowledge that we did not provide statistical support for 
such specificity. The plots in Fig. 3 are consistent with the patterns of activation in Fig. 2C, 
showing increased activation of the left PMv during both left- and right-hand writing when 
directly compared to drawing.
Writing contrasted to tapping
In the next section we describe the details of the distributed activations related to writing with 




hand resulted in significant activations (p < 0.05, FWE corr.) in the left hemisphere with an 
extensive confluent cluster, within which local maxima could be discerned identifying the 
PMd, PMv, and putative Broca’s area in the inferior frontal gyrus (iFG) (Fig. 2A,4A). This 
left-hemisphere cluster further extended posteriorly along the IPS. In the right hemisphere, 
significant activations were less robust with separate clusters in the PMv, the mirror equivalent 
of Broca and along the horizontal segment of the IPS, respectively. Right PMd activation was 
not significant at this FWE-corrected threshold, although it was identified at voxel-level p < 
0.001 (uncorr.) (Fig. 4A). In addition, two foci of left temporal cortex activation were seen, 
located on the posterior part of the middle temporal gyrus (mTG) and iTG, respectively. 
The posterior part of the mTG activation extended over its dorsal surface into the superior 
temporal sulcus on its superior surface. Activations restricted to only the left hemisphere 
were also found in the supplementary motor area, pre-SMA, cingulate cortex and thalamus. 
In the basal ganglia and cerebellum, activations were bilaterally distributed. Coordinates of 
significant activations are further specified in Table 1.
The pattern of significant activations related to left-hand writing, contrasted with left-hand 
tapping (p < 0.05, FWE corr.), showed strong resemblance to the right-hand writing pattern 
(Fig. 2A,4AB). In left-hand writing, left-hemisphere activations were also stronger than 
activations in the right hemisphere. Now, the left premotor cluster of PMv and PMd activations 
was separated from Broca’s area and the parietal foci of activations. In contrast to right-hand 
writing, left-hand writing was related with significant right PMd activation together with 
activation of the right PMv, while the spatial extension of right parietal activation was larger 
in left- than in right-hand writing. No activation was seen in either the left or right mTG or 
right iFG. See Table 1 for a further summary of activations. At relaxed voxel-threshold of p 
< 0.001 (uncorr., k = 8), no additional clusters were found that reached statistical significance 
when corrected for the entire brain volume.
Figure 2. (A) Cerebral activations for right- and left-hand writing versus respectively right- and left-
hand tapping. (B) Cerebral activations for right- and left-hand drawing versus respectively right- and 
left-hand tapping. (C) Cerebral activations for right- and left-hand writing versus right- and left-hand 
drawing respectively. The presented activations result from analyses using a statistical threshold of p < 
0.05 FWE corrected, with an extended voxel threshold (k) of 8 voxels. Clusters are rendered onto the 
surface of a standard anatomical brain volume (Montreal Neurological Institute, MNI). Coordinates 
and T-values are reported in Table 1 and 2. L = left hemisphere of the brain, R = right hemisphere of 
the brain, a = dorsal premotor cortex, b = ventral premotor cortex, c = Broca’s area, d = parietal cortex, 
e = posterior part of the inferior temporal gyrus, f = posterior part of the middle temporal gyrus, g = 
anterior superior temporal sulcus.
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Table 1. Cerebral activations related to writing compared to tapping.
Brain region (BA)
Left Right
x y z T value x y z T value
Right-hand writing versus right-hand tapping
iFG (44/45) -44 30 12 9.4 50 30 10 5.6
Anterior sTG (38) -52 12 -22 8.6
PMv (6) -48 8 28 14.3 60 10 28 6.0
PMd (6) -24 -8 50 7.6
Superior parietal lobe (7) -30 -52 68 7.5 34 -52 60 5.5
Inferior parietal lobe (40) -30 -54 50 10.1 34 -46 52 5.3
iTG (20) -54 -62 -16 10.0
mTG (21) -54 -36 -4 6.9
Pre-SMA (6) -6 16 48 6.9
SMA (6) -4 -4 56 5.8
Cingulate cortex (32) -6 20 30 5.1
Basal ganglia / Anterior thalamus -14 0 8 7.1 14 4 4 5.5
Posterior thalamus -14 -16 6 8.5
Cerebellum -18 -66 -28 6.4 14 -52 -22 9.6
16 -74 -50 12.2
Left-hand writing versus left-hand tapping
iFG (44/45) -42 30 4 6.4
Anterior sTG (38) -52 12 -20 7.1
PMv (6) -50 6 30 14.6 60 10 28 9.1
PMd (6) -30 -10 52 11.6 30 -8 54 7.9
Superior parietal lobe (7) -20 -70 56 9.7 18 -72 62 7.1
Inferior parietal lobe (40) -36 -44 52 11.9 38 -48 56 8.3
iTG (20) -52 -62 -14 11.3 52 -56 -16 5.1
Pre-SMA (6) -8 0 68 5.0
SMA (6) -4 -2 54 9.3
Cingulate cortex (32) -6 16 42 7.1
Basal ganglia / Anterior thalamus -14 6 2 5.2
Posterior thalamus -14 -16 6 7.0 16 -16 4 5.3
Cerebellum -18 -68 -24 7.7 26 -64 -26 13.0
-16 -68 -50 6.2 16 -74 -50 12.0
The coordinates and T-values of local maxima within significant clusters are reported (p < 0.05 
FWE corrected, extended voxel threshold (k) of 8 voxels). Positive x, y and z coordinates indicate 
respectively coordinates right, anterior and superior of the anterior commissure. BA = Brodmann area. 
sTG = superior temporal gyrus. iFG = inferior frontal gyrus. iTG = inferior temporal gyrus. mTG = 




Drawing contrasted to tapping
The patterns of activation that resulted from the comparison of drawing with tapping showed 
a clear overlap with the writing-related activations, although characteristic differences were 
also observed. The PMv and PMd were bilaterally activated during both right- and left-
hand drawing, while activations around the IPS were more symmetrically than in writing 
(Fig. 2B). Irrespective of the hand used for drawing, activations in the left hemisphere were 
stronger than in the right hemisphere. iTG activation was seen bilaterally, without activation 
of the mTG. Neither iFG nor pre-SMA activation was seen. The only significant activation 
in the basal ganglia was in the left anterior putamen during right-hand drawing (contrasted to 
right-hand tapping). At p < 0.001 (voxel-level uncorr., k = 8), this anterior putamen activation 
extended medially in the left pallidum and thalamus. The locations of the drawing-related 
activations are listed in Table 2. Comparing right-hand drawing with right-hand tapping at 
an initial voxel-threshold of p < 0.001 (uncorr., k = 8) revealed one additional cluster that 
reached statistical significance (brain-volume corrected), which was located in the left iFG at 
[x -38, y 32, z 10] (p = 0.013).
Table 2. Cerebral activations related to drawing compared to tapping.
Brain region (BA)
Left Right
x y z T value x y z T value
Right-hand drawing versus right-hand tapping
PMv (6) -50 8 28 9.6 60 10 28 6.7
PMd (6) -28 -8 52 7.8 28 -4 54 6.4
Superior parietal lobe (7) -16 -70 56 8.6 16 -72 62 7.5
Inferior parietal lobe (40) -46 -38 44 10.5 38 -38 46 8.8
iTG (20) -52 -62 -14 6.2 52 -56 -14 6.1
Striatum -22 10 6 5.3
Cerebellum -18 -68 -26 5.8 24 -52 -30 7.5
-18 -70 -50 5.3 16 -74 -50 10.8
Left-hand drawing versus left-hand tapping
PMv (6) -50 8 28 7.6 60 10 28 6.2
PMd (6) -30 -10 52 8.4 28 -6 52 6.3
Superior parietal lobe (7) -18 -70 56 8.8 16 -72 62 7.2
Inferior parietal lobe (40) -36 -44 50 9.7 38 -38 48 8.3
iTG (20) -52 -62 -14 6.4 54 -58 -14 5.5
Cerebellum -20 -68 -26 6.5 26 -64 -26 9.4
-16 -66 -50 6.1 14 -74 -50 9.6
The coordinates and T-values of local maxima within significant clusters are reported (p < 0.05 FWE 
corrected, with an extended voxel threshold (k) of 8 voxels). Positive x, y and z coordinates indicate 
respectively coordinates right, anterior and superior of the middle of the anterior commissure. BA = 
Brodmann area. iTG = inferior temporal gyrus.
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Writing contrasted to drawing
To gain more insight in the actual writing-related character of the identified regions, the 
writing-related activations were contrasted to drawing. For both the right and left hand this 
resulted in activations strongly lateralized to the left hemisphere (Fig. 2C). The resulting 
foci of maximum activation in the PMd and PMv were each located at a slightly more 
antero-inferior location relative to the maximum activation identified by right-hand writing 
contrasted to right tapping (Fig. 2AC, coordinates in Tables 1 and 3 and Fig. 5A). Although 
the writing-related effects were stronger at the local maxima obtained by the latter contrast, 
a considerable drawing-related effect was also seen at these foci (Fig. 5A). For the left mTG 
activation, the focus of maximum activation related to right-hand writing (versus tapping) 
was at the same location as the maximum that resulted from the comparison with drawing, 
underscoring its strong writing-related involvement without a contribution to drawing (Fig. 
5A). The left iTG was active in both writing and drawing, but more pronounced during the 
writing task. There was a stronger activation in the anterior part of the left superior temporal 
gyrus (sTG) during writing with either hand compared to drawing and tapping (Fig. 2AC 
and Fig. 5A). Also, activation in the left angular gyrus was more profound during writing 
compared to drawing, but not compared to tapping (Fig. 2AC and Fig. 5A). See Table 3 for 
a summary of activations.
Although significant pre-SMA activation only occurred during writing and not drawing, 
each contrasted to tapping (Fig. 2AB and Tables 1,2), it was its anterior segment that was 
most specifically involved in writing, independent whether this concerned right- or left-hand 
writing (Fig. 5A). Finally, response profiles in the left iTG showed that this region was more 
activated in writing than in drawing but that the activation was not writing-specific (Fig. 5B). 
Given the previously described role of the left superior parietal cortex in writing [51], we 
assessed the effects at the location they reported and indeed found a strong writing-related 
effect (compared to tapping) which was, however, not significantly larger than that in drawing 
(Fig. 5C). At relaxed threshold (p < 0.001, uncorrected), this contrast revealed an increase 
of activation in the left superior parietal cortex [x -30, y -72, z 44], which did, however, not 
reach cluster-level significance corrected for the entire brain volume (p = 0.29).
3
Figure 3. Activations of the left and right PMv and PMd during writing (A) and drawing (B) with the 
right and left hand. Beta values represent the mean activation over all subjects. The error bars are the 
standard deviations. PMvL = left ventral premotor cortex. PMvR = right ventral premotor cortex. PMdL 
= left dorsal premotor cortex. PMdR = right dorsal premotor cortex.
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Cerebellar and subcortical activations
In the cerebellum, the location of activations pointed at a characteristic functional difference 
between its anterior and posterior lobes. Activations in the anterior lobe were ipsilateral 
to hand movement, irrespectively whether it concerned writing, drawing or tapping while 
posterior lobe activation was particularly related to the higher-order motor tasks writing 
and drawing. Moreover, posterior cerebellum activation was most pronounced in the right 
lobe, opposite to the dominant left cerebral hemisphere activations, irrespective of writing or 
drawing with either the right or left hand (Fig. 6). In the basal ganglia, the confluent cluster 
of left thalamus and pallidum activation during right-hand writing (contrasted to right-hand 
tapping) extended in the anterior segment of the left putamen (Fig. 4), whereas left-hand 
writing (compared with left-hand tapping) was neither related with right nor with left anterior 
putamen activation. This absence remained at relaxed threshold (p < 0.001 voxel-level 
uncorr.). Compared to rest, all three motor tasks were related with contralateral activation of 
the posterior putamen.
dIscussIon
In this study we aimed to identify cerebral activations related to writing, balanced for motor 
functions also implicated in drawing and tapping with a pencil, while hemisphere-specific 
contributions were assessed by writing with each hand. In this way, we were able to distinguish 
two levels of writing-related activations concerning the identified brain regions. We found 
(i) regions that were uniquely involved in writing and (ii) regions that were involved in both 
Figure 4. Cerebral activations for right- and left-hand writing versus respectively right- and left-hand 
tapping (p < 0.05 FWE corrected, with an extended voxel threshold (k) of 8 voxels). Clusters are 
projected on transversal sections of a standard anatomical brain (MNI). The z coordinate indicates 
the distance to the plane traversing the anterior-posterior commissures in mm. The uncorrected 
coordinate is at p < 0.001 with an extended voxel threshold (k) of 8 voxels. R = right side of the brain 
(neurological convention). a = Broca’s area, b = ventral premotor cortex, c = dorsal premotor cortex, d 
= pre-supplementary motor area.
41
Cerebral activations related to writing and drawing with each hand 
writing and drawing, contrasted to tapping, but with a significantly stronger contribution to 
writing than to drawing. Five left-hemisphere areas were implicated exclusively in writing, 
being the antero-inferior parts of both PMv and PMd, Broca’s area, the posterior part of the 
left mTG and the pre-SMA. Activation of the superior parietal cortex was not unique for 
writing because this area was also strongly involved in the drawing task. We further obtained 
support for our specific ‘movement’ hypothesis concerning a differential involvement of the 
PMv and PMd in the two hemispheres.
Table 3. Cerebral activations related to writing compared to drawing.
Brain region (BA)
Left Right
x y z T value x y z T value
Right-hand writing versus right-hand drawing
iFG (44/45) -42 28 -6 11.6 42 28 -6 5.5
Anterior STG (38) -52 10 -22 9.4 58 4 -24 5.6
PMv (6) -46 18 16 8.3
PMd (6) -48 0 44 7.3
Angular gyrus (39) -54 -44 24 5.9
iTG (20) -50 -58 -22 6.4
mTG (21) -60 -46 0 10.0 48 -38 -2 6.2
Pre-SMA (6) 0 18 52 5.4
Basal ganglia / Anterior thalamus -8 -2 4 6.0
Thalamus -10 -16 8 5.5
Cerebellum 16 -86 -32 7.0
14 -50 -20 5.5
Left-hand writing versus left-hand drawing
iFG (44/45)* -40 28 -4 9.4 34 22 -6 6.6
PMv (6) -48 4 30 9.6
PMd (6) -52 -2 44 8.3
Angular gyrus (39) -52 -44 22 6.6
iTG (20) -50 -62 -14 6.4
mTG (21) -58 -46 2 5.4
Pre-SMA (6) 0 4 60 7.9
Basal ganglia / Anterior thalamus -8 0 4 6.2 8 0 6 5.3
Thalamus -14 -4 -10 5.7
Cerebellum 28 -64 -26 5.4
The coordinates and T-values of local maxima within significant clusters are reported (p < 0.05 FWE 
corrected, with an extended voxel threshold (k) of 8 voxels). Positive x, y and z coordinates indicate 
respectively coordinates right, anterior and superior of the middle of the anterior commissure. BA = 
Brodmann area. sTG = superior temporal gyrus. iFG = inferior frontal gyrus. iTG = inferior temporal 
gyrus. mTG = middle temporal gyrus. SMA = supplementary motor area.




Figure 5. Writing-related foci of maximum activity. (A) Contrast estimates with 95% confidence 
intervals from writing-related foci of maximum activation from the contrasts right-hand writing versus 
right-hand tapping and right-hand writing versus right-hand drawing, as reported in Tables 1 and 3. 
(B) Contrast estimates with 95% confidence intervals from the focus of maximum activation in the left 
inferior temporal gyrus from the contrast of right-hand writing versus right-hand tapping (for the same 
condition with the left hand this focus was at -52, -62, -14). (C) Contrast estimates with 95% confidence 
intervals from the focus of maximum activation of the left parietal cortex (coordinates from Brownsett 
and Wise, 2010). WL = left-hand writing, DL = left-hand drawing, TL = left-hand tapping, WR = right-
hand writing, DR = right-hand drawing, TR = right-hand tapping, iTG = inferior temporal gyrus, mTG 
= middle temporal gyrus, sTG = superior temporal gyrus.
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It appeared that, while the PMd of each hemisphere contributed equally to contralateral 
writing, the left PMv made a stronger contribution to right-hand writing than the right PMv to 
writing with the left hand. As a consequence, the right PMd was relatively stronger involved in 
left-hand writing. We did not gain formal statistical support that this right PMd characteristic 
was writing-specific, compared to drawing. The dominant role of the left PMv in writing is 
consistent with the view that it has an intimate relation with Broca’s area and subserves motor 
integration with frontal language circuitry, irrespective which hand is used. As a common 
characteristic in writing and drawing, we found bilateral overlap between parietal-premotor 
activations in the two conditions, regardless the hand of execution. On the other hand, a 
characteristic difference between these two tasks was limb-independent dominance of such 
activations in the left hemisphere during writing, while for drawing a more symmetrical 
pattern was seen. This symmetrical pattern in drawing, contrasted to tapping with a pencil, 
indicates that the conditions in our study were sufficiently balanced for generic sensory 
and motor functions. The bilateral absence of primary sensorimotor activation in writing 
contrasted to drawing with each hand, as well as the absence of any right premotor activation 
in the same contrast for left-hand performance further support this conclusion.
Segregated processing streams
The enhanced recruitment of parietal-premotor networks during writing, compared to 
tapping, points at general features of higher-order motor control [52]. In this, parietal-
premotor circuitry computes sensorimotor transformations for goal-directed movement along 
pathways that are, to some extend, functionally segregated. E.g., a dorsal-ventral segregation 
3
Figure 6. Cerebral activations for right- and left-hand writing versus respectively right- and left-
hand tapping (p < 0.05 FWE corrected, with an extended voxel threshold (k) of 8 voxels) for the 
cerebellum clusters in the anterior lobe (upper row) and posterior lobe (lower row). Plots demonstrate 
the activation during the six different tasks with the 95% confidence interval. Clusters are projected on 
transversal sections of a standard anatomical brain (MNI). The z coordinate indicates the distance to 
the plane traversing the anterior-posterior commissures in mm. R = right side of the brain (neurological 
convention). a = anterior superior temporal sulcus, b = posterior part of the inferior temporal gyrus.
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between two processing streams can be discerned in which interconnection between the PMd 
and postero-superior parietal cortex particularly subserves target-directed spatial navigation 
[5,14,53-55], while a network comprising the PMv and antero-inferior parietal cortex is 
particularly involved in the integration of object shape, (predicted) touch and prehension 
[13,56,57]. Such dorsal-ventral distinction runs parallel with the contributions of the PMd 
and PMv to proximal and distal upper limb movements, respectively, not only reflected by 
their spatial relationships with the somatotopic representation of the primary sensorimotor 
cortex, but also by their direct output to the spinal cord. In this, the PMd projects to spinal 
cord segments corresponding to mostly proximal arm movements while the PMv connections 
are restricted to segments that particularly control distal hand movements [3]. The dominance 
of the right PMd, relative to the PMv, we found in left-hand writing is thus consistent with the 
more proximal arm movements made during writing with the left hand, compared to writing 
with the right hand [18,19]. 
Considering the consistent role of premotor regions in (partially) segregated circuitries 
supporting sensorimotor transformations, we propose that three of such processing streams 
may be inferred from the distribution of writing-related activations in our data. Parallel to the 
pathways listed above, functional circuitry comprising the anterior PMv and exclusively the 
left posterior mTG might logically support audition-based language-to-motor transformations. 
The overall motor act of writing would thus result from convergence of three main pathways 
originating from posterior cortical regions. 
This implies that in writing, the dorsal network comprising the PMd and superior parietal 
cortex provides a spatial reference frame enabling the horizontal alignment of successive 
letters and words in a sentence. This is consistent with the previously described posterior 
parietal activation in writing, explained as a kinematic representation of graphomotor 
trajectories [58]. Spatial ordering is also required for drawing, fitting the parietal activations 
we found during this task. Writing may even be seen as a kind of figure drawing, except for 
the fact that a specific meaning is coded by the arrangement of letter figures. The efficiency 
of a horizontal letter order for attributing such meaning to words (i.e. adding semantic value) 
may point at an enhanced recruitment of this spatial function in writing, indeed reflected by 
stronger writing-related activation in particularly the left posterior parietal cortex, relative to 
drawing.
In the model of three parallel processing streams, the second network of coherent 
interconnection between the PMv and antero-inferior parietal cortex logically underlies 
effective use of the pencil in a body-centered coordinate system [54,59,60]. Such complex 
tool use holds for both writing and drawing. Overlap in the related patterns of cerebral 
activations supports the evolutionary viewpoint that it seems efficient to relay on existing 
instead of entirely different networks for writing [47]. On the other hand, the pronounced 
left-hemisphere dominance of this ventral parietal-premotor circuitry in writing, more than 
in drawing, may illustrate that writing requires an additional level of complexity in neuronal 
processing. This is consistent with case reports of agraphia without disturbances in the use 
of tools [61]. 
Equivalent to neuronal mechanisms underlying sensorimotor transformations in the other 
two processing streams, the putative pathway linking the anterior segment of the left PMv 
with the posterior part of the left mTG was particularly related to writing, not involved in 
drawing. This pathway seems optimally placed to funnel auditory language information to 
circuitry that organizes the motor action of writing guided by dictation via the extreme capsule 
and/or arcuate fasciculus [62,63]. These perisylvian activations did not fully coincide with 
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the general language system interconnecting the left superior temporal gyrus (Wernicke’s 
area) and Broca’s area in the iFG of the same hemisphere [64]. Another argument against 
general language involvement is the response profile with stronger activations during right- 
than during left-hand writing. This supports the view that these left-hemisphere activations 
represent the efficiency of right-hand writing and not covert speech, as the latter would be 
expected to similarly accompany right and left-hand writing (see further the paragraph below 
treating the temporal cortex).
The previous paragraphs support the concept that writing is a cerebral function that arises 
according a general organization principle of neuronal network processing implicated in 
sensorimotor transformations, in which both segregation and integration of information 
streams can be discerned. On the other hand, particular brain regions appear to play a highly 
dominant role within such networks. The apparent occurrence of pure agraphia due to a focal 
left premotor cortex lesion (‘Exner’s area’) provides support for such crucial network nodes. 
In the next paragraphs, writing-related activations will therefore be discussed with emphasis 
on the specific contributions of premotor, parietal and temporal cortex regions, respectively. 
Premotor cortex in writing
Both the PMd and the PMv of the left hemisphere contributed to writing with each hand. At 
the focus of maximum PMd activation, the magnitude of responses for writing and drawing 
were virtually the same while at the focus of maximum PMv activation, the effect of writing 
was about twice as strong as that of drawing. This suggests a more specific involvement 
of the PMv in writing. On the other hand, when the pattern of activations during writing 
was contrasted to drawing, exclusively writing-related activations within both the PMd and 
PMv were identified at more antero-inferior locations. While the robust activations at this 
second PMd focus remained similar for right- and left-hand writing, the left anterior PMv 
response was larger for right- than for left-hand writing with a profile that resembled that of 
a third cluster at Broca’s area. The strong association of these two regions with particularly 
right-hand writing and to lesser extend left-hand writing, may reflect the efficient integration 
of manual skill and language in writing. Such common function is consistent with the 
cytoarchitectural similarity of these adjacent cortical regions [16,17]. 
Writing-specificity of the antero-inferior part of the left PMd held for both hands. This may 
be an argument for its contribution to general orthographical (grapheme) construction in 
writing, with indeed the consequence that a lesion at this location results in a failure of such 
graphemic motor function of each hand. The antero-inferior PMd location at the junction of 
the mFG and sFG is consistent with the functional imaging locations reported for Exner’s area 
(summarized in Planton et al. [45]). While Planton et al. calculated mean PMd coordinates 
[x -22, y -8, z 54] for this putative Exner’s area, variation within the PMd demarcation was 
acknowledged [45,50]. Such variation can often be attributed to differences in experimental 
design. E.g., letter drawing compared to imagining of letters activated the posterior part of 
the left PMd [65]. PMd activation in the study of Katanoda et al. extended e.g. between 
z-coordinates 58 and 64, using a visually-cued writing task, controlled for naming and tapping 
[43], while Roux et al. reported a more inferior PMd activation [x 26, y 0, z 43] during word 
dictation with control tasks of drawing circles and repeating a single syllable, respectively 
[66]. Consistent with our results, it seems that when adequately controlled for drawing, a 
more writing-specific function can be identified in the antero-inferior segment of the left 
PMd. Such functional parcellation within the PMd, as well as in the PMv, is consistent with 





We found significant writing-related activation of particularly the left SMA and pre-SMA, 
contrasted to tapping, while the responses related to drawing equaled that of tapping. This 
involvement in writing is consistent with previous functional imaging studies [45]. The SMA 
and pre-SMA are involved in preparing complex movement sequences [68], which may be 
an argument to consider the activation of these areas during our writing tasks as merely 
motor-related [45]. On the other hand, the (pre-)SMA has been proposed to play a similar 
role in motor and cognitive processing [69]. Along that line of reasoning, one may infer 
that this activation represents the increased level of sequential ordering of letters and words 
in writing a sentence, a mechanism not implicated in drawing. The (pre-)SMA would thus 
contribute to an equivalent neuronal mechanism in language and motor control. We think 
it is less plausible that the (pre-)SMA activation represents a non-specific enhancement of 
cognitive demand in writing, compared to drawing. Although the medial (pre-)frontal cortex 
indeed has a prominent role in action monitoring and decision making [70,71], writing in our 
study was instructed by dictation, without the necessity of making (free) choices. Moreover, 
activations during drawing and tapping were virtually the same in the (pre-)SMA, providing 
another argument against the explanation that the (pre-)SMA involvement in writing reflected 
increased general cognitive demand in writing. 
Parietal cortex in writing
Strong activation of particularly the left parietal cortex in writing of each hand points at a 
stronger left than right parietal contribution to writing in our study. Such limb-independent 
left parietal lateralization is consistent with the fMRI results of Sugihara and co-workers who 
asked subjects to write letters in the air with the index finger of each hand, while silent naming 
was used as a control condition [42]. The left parietal activation during writing in our study 
was, however, not significantly stronger than in drawing. Particularly for the superior parietal 
cortex, this is an important observation complementing the interpretation of previously 
reported superior parietal contributions to writing. The studies of both Menon and Desmond 
and Brownsett and Wise on this topic did not include drawing as a control task either [39,51]. 
Our results thus underscore that these previous results were not necessarily writing-specific. 
On the other hand, Beeson et al. did identify increased superior parietal activation relative 
to drawing [38]. However, in contrast to our drawing task, they employed a drawing task 
of repeatedly making similar circles, not specified by a distinct instruction. The observed 
increase in left superior parietal activation by Segal and Petrides during writing when 
controlled for reading and word retrieval as well as circular loop movements [72], evidently 
indicated parietal involvement in the higher-order motor aspects of the task, while functional 
interconnectivity characteristics supported interaction with cortical language regions. Similar 
to the Beeson study [38], loop movements controlled for the motor component of writing in the 
study of Segal and Petrides. The left-dominant parietal activation during writing with either 
hand in our study is consistent with such writing-related function. However, the absence of a 
writing-related increase of parietal activation when contrasted to drawing a series of various 
elementary figures, specified by auditory instructions, underscores that this region serves 
a more general audition-motor transformation, indeed concerning movements beyond the 
simple execution of a stereotypic movement pattern. This aspect of audition-guided drawing 
did apparently recruit parietal processing at a similar level as writing by dictation.
These findings fit the basic superior parietal role to provide an interface for the conversion 
of visual and auditory sensory information into body- and world-centered spatial coordinate 
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frames [53]. The profile of activations in various parietal regions described by Brownsett and 
Wise further supports this view with superior parietal responses that were related exclusively 
to writing and not to speech or number assessment [51]. The spatial characteristics of writing, 
i.e. using orthographical information for arranging a well-ordered written text might thus be 
achieved in parallel with a segregated processing stream adding a meaningful content to such 
text. A consequence of spatial disorientation due to a discrete left superior parietal damage 
may indeed be optic ataxia associated with agraphia [39,73]. 
It was intriguing to see that activation at the left temporal-parietal junction, i.e. the left 
angular gyrus, was significantly increased in both writing and tapping compared to drawing, 
independent from the hand of action. An explanation for this common involvement in writing 
and tapping, and not in drawing, remains rather speculative. One might, in this respect, 
consider a relation with the basic role of the angular gyrus in early-stage motor intention, 
driven by either external or intern ‘signals’ [74-76]. In our study, particularly the immediacy 
of responses matching the aural information in both dictation and the verbal cues to ‘tap’ 
may suggest a common mechanism in the writing and tapping conditions facilitating efficient 
preparation of serial order, while the instruction to draw specific forms implies additional 
recruitment of attributes concerning their spatial dimensions and meaning. The responses in 
the angular gyrus were limb-independent which would imply that putative intention precedes 
effector specification. This may include accompanying ‘pre-articulation’ of silent fast word 
repeat in the two tasks. An argument against the explanation that the angular gyrus activation 
only represented silent speech is that a similar response profile would be expected in Broca’s 
area, which was not the case. 
Temporal cortex in writing
We identified two (posterior) temporal cortex regions involved in writing and drawing. 
Bilateral activation of the iTG was present during drawing with either hand as well as left-
hand writing, while its activation was only left-sided during right-hand writing. The mTG 
activation, extending into the superior temporal sulcus, was exclusively left-sided and 
particularly seen during right-hand writing while, at relaxed threshold, also during left-hand 
writing. This common left-hemisphere lateralization suggests a writing-related coherence 
between the left mTG and iTG activations. In writing, the left posterior iTG has been 
proposed to play a role in retrieving stored representations of written word forms or grapheme 
images [40,46]. Such form representation implies a vision-related modality, which is indeed 
consistent with the interactions between this inferior temporal region and the fusiform gyrus, 
a key structure in visual processing of object form and face perception in both hemispheres 
[77,78]. In the left hemisphere, the mid-fusiform region makes a strong contribution to visual 
word processing [79-81] with a regional differentiation in selectivity for levels of letter-word 
complexity [82], while it is functionally interconnected with the posterior iTG concerning 
such early word recognition [83]. In further bottom-up processing of these orthographical 
elements in reading, interactions with the posterior mTG (superior temporal sulcus) have 
been proposed to specifically support orthographical to phonological conversion [83-86]. 
The left anterior sTG activation was most pronounced during writing with both hands and it 
was least during tapping, suggesting a gradually increasing semantic demand.
In our study, auditory-presented instructions specified the performance of writing and 
drawing without the option to read the written text or to look at the results of drawing. The 
posterior iTG activations in these two conditions thus point at top-down neuronal processing 




enhancement of this region when using visual stimuli [87]. Although activation in the left 
iTG was stronger during writing than drawing, its involvement in both tasks emphasizes that 
the brain classifies orthographical elements and basic forms such as circles and triangles in a 
similar way. The exclusively writing-related activation of the left posterior mTG, on the other 
hand, is consistent with its role in the conversion of phonological to orthographical elements 
[88,89]. This specific processing step in dictated writing thus seems to be additional to the 
general transition from an auditory to a vision-related modality. In our experiment, this role 
of the mTG in phonological-orthographical conversion was possibly identified because its 
involvement in a wider spectrum of semantic processing [88-90] was similarly present in the 
semantic content of the spoken text that specified which figure had to be drawn. 
Cerebellar and basal ganglia contributions to writing
The coherent activations in the anterior and posterior cerebellum we found in this study 
have been described earlier [38,42,45]. In this, the anterior lobe activation represents its 
contribution to the basic motor function underlying ipsilateral hand movement. This ipsilateral 
relationship reflects the cerebellar role in supporting the interconnected motor cortex of the 
contralateral hemisphere [91]. Similarly, the posterior cerebellar lobe is interconnected with 
contralateral cortical regions implicated in cognitive functions [91-93]. The right-sided 
dominance of the posterior cerebellar activation in writing, irrespective of the hand used for 
writing, can thus be explained by its contribution to the dominant left-hemisphere function 
underlying (written) language [45]. 
We did not see a limb-independent striatal contribution to writing. On the other hand, while 
all tasks recruited posterior putamen activation contralateral to the hand of action, the anterior 
putamen was exclusively activated during the higher-order motor tasks writing and drawing, 
only in the left hemisphere and only when performed with the right hand. This lateralized 
contribution to the organization of particularly complex hand movements suggest that the 
left anterior putamen represents a specific node in left-hemisphere circuitry that characterizes 
right-hand dominance. The putamen segregation between simple and complex movements 
would fit a general organization of parallel cortico-basal ganglia loops described for motor 
and non-motor functions [94]. The left thalamic activations that were seen not only in right- 
but also in left-hand writing, contrasted to tapping, points at an aspect of writing beyond 
movement characteristics [95-97]. Such left thalamic function is anatomically consistent 
with its position as an outflow target of the right cerebellum and would thus functionally 
mediate non-motor functions of right posterior cerebellar lobe as described in the previous 
paragraph.
An integrated writing network
In the first part of this discussion we treated the logic of parallel processing streams, 
particularly based on a perspective of higher-order motor control, which was followed by 
discussing functions that have been described for distinct cortical regions identified in the 
present study. This provides arguments to further specify coherence between the putative 
processing streams described above. We conclude that the auditory specifications for writing 
and drawing evoke orthographical and visual figure form information, respectively. This is 
inferred from the involvement of the posterior iTG in conditions without visual stimuli. It is in 
this vision-related format that perceptual information is brought to the level of sensorimotor 
transformations organized in a dorsal parietal-premotor pathway. Such temporal-parietal 
interaction matches the general coherence between ventral and dorsal visual pathways, 
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thus facilitating the use of specific form and object features as landmarks of environmental 
space within which purposeful action is performed [98]. In this, we saw that apparently 
orthographical and figure form information is similarly treated. Such similarity supports 
the view that orthographical information is processed in the superior parietal cortex without 
additional semantic information, which is consistent with the superior parietal responses 
Brownsett and Wise observed only during writing and not during speech [51]. 
While the posterior mTG plays a crucial role in phonological-orthographical conversion, 
fuelling the posterior iTG, we further argued that the strong similarity in response profiles 
of this region and Broca’s area reflected its contribution to semantic processing in writing 
by dictation, which is indeed consistent with its general contribution to this linguistic aspect 
[90,99]. In this way, our results support and further specify a dual-route model concerning 
semantics and phonological elements implicated in auditory-motor transformations in 
language [88,100,101]. A difference with these previously proposed models, which particularly 
concerned speech, is that we distinguish a non-semantic inferior temporal – superior parietal 
pathway from a semantic perisylvian processing loop comprising the left posterior mTG and 
Broca’s area / left PMv. A final stage of integration between orthographical and semantic 
elements may be achieved by interactions between the left PMd, Broca’s area and the PMv. 
With regard to the premotor cortex, the antero-inferior portions of both the left PMd and PMv 
were writing specific, relative to drawing. 
Limitations of the study
The writing and drawing tasks were designed in such a way that they were considered 
balanced for basic sensorimotor parameters. This was achieved by maintaining similar 10 s 
timeframes of either cursively writing 3 to 4 words or drawing series of 3 to 4 figures. A single 
cursively written word was thus regarded to be the performance equivalent of a single figure. 
Moreover, as instructions were given aurally, 3 to 4 words similarly constituted the phonetic 
units for a sentence or a figure series. Indeed, the words were neither spelled, nor written in 
blocked letters. The absence of activation in the primary sensory and motor cortices provided 
support for the balance aimed at. Alternatively, one might argue that a single letter would 
be the best writing equivalent of a figure. In our study, this would imply that more letters 
than figures were used, possibly introducing inappropriately balanced conditions. To make a 
design with appropriately balancing letters and figures, both at the level of performance and 
complexity of instructions would imply a different study with questions complementary to, 
but beyond the present study.
We did not obtain quantitative behavioral measures in our study. In this respect, one cannot 
exclude the possibility that differences in performance had an effect on the results, for 
example associated with differences in accuracy between the right- and left-hand tasks. On 
the other hand, the absence of primary sensorimotor activation in performed comparisons 
provided support for the conclusion that activations were related to the higher-order aspects 
of these tasks. 
conclusIon
To conclude, writing by dictation without feedback from reading makes use of an initial 
phonological – orthographical conversion in the left temporal lobe. This enables the left 
posterior iTG to offer ‘vision-related’ information to dorsal parietal-premotor circuitry 
for subsequent sensorimotor transformation. One may even speculate that in the natural 




during the evolving written text. The cerebral organization underlying this sensorimotor 
transformation of non-semantic elements is similarly implicated in drawing figure forms 
specified by audition. The left posterior mTG plays a central role in dividing the non-semantic 
and semantic elements in the dictated text, of which the semantic information is transferred 
along a putative perisylvian loop to gain access to Broca’s area and the left anterior PMv. 
Final integration between these ventral frontal regions and the left PMd highlights the antero-
inferior segment of the latter as a core writing center in the brain, historically coined Exner’s 
area. 
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Lateralization of higher brain functions requires that a dominant hemisphere collects relevant 
information from both sides. The right dorsal premotor cortex (PMd), particularly implicated 
in visuomotor transformations, was hypothesized to be optimally located to converge 
visuospatial information from both hemispheres for goal-directed movement. This was 
assessed by probabilistic tractography and a novel analysis enabling group comparisons of 
whole brain connectivity distributions of the left and right PMd in standard space (16 human 
subjects). The resulting dominance of contralateral PMd connections was characterized by 
right PMd connections with left visual and parietal areas, indeed supporting a dominant role in 
visuomotor transformations, while the left PMd showed dominant contralateral connections 
with the frontal lobe. Ipsilateral right PMd connections were also stronger with posterior 
parietal regions, relative to the left PMd connections, while ipsilateral connections of the left 
PMd were stronger with, particularly, the anterior cingulate, the ventral premotor and anterior 
parietal cortex. The pattern of dominant right PMd connections thus points to a specific role 
in guiding perceptual information into the motor system, while the left PMd connections are 
consistent with action dominance based on a lead in motor intention and fine precision skills.
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IntroductIon
The relationship between movements and sensation of a given body side and functions of the 
contralateral hemisphere reflects an essential characteristic of cerebral lateralization. Beyond 
this symmetrical division, each of the two hemispheres shows specialization with a lateralized 
dominance, particularly in the human brain. Where the left hemisphere is generally dominant 
in manual skill and language, a dominant right-hemisphere function concerns the integration 
of more global spatial sensory information in motor action. Information concerning 
extrapersonal space is particularly obtained by visual senses, while somatosensory stimuli 
provide information about personal space [1]. Particularly for visuomotor integration right-
hemisphere dominance has been well described [2,3]. Symptoms resulting from lesions 
of the right hemisphere, particularly when the parietal cortex is involved, indeed include 
visuospatial disorientation and visuomotor deficit, but also contralateral neglect [4-10]. In 
this respect, the intact right hemisphere has been proposed to be more visually ‘intelligent’ 
than the left, equivalent to the superior capacities of the left hemisphere in other cognitive 
domains [2]. How such segregated hemisphere specializations are integrated in whole brain 
neuronal networks, empowering one’s sense of unity in perception and action [4,5,11], remains 
to be resolved. In the present study, we are able to demonstrate differences between the left 
and right dorsal premotor cortex (PMd) regarding their patterns of connections in ipsilateral 
and contralateral hemispheres. These characteristic distributions represent a possible flow of 
information from two hemispheres to each of the two PMds, consistent with the distinction 
of perceptual dominance of the right and a more internally anchored action dominance of the 
left hemisphere concerning goal-directed movements.
Dorsal parietal–premotor circuitry plays a specific role in processing spatial aspects of 
visuomotor transformations [12-17]. While in humans the right hemisphere is dominant in 
such transformations, goal-directed actions within extrapersonal space implies perception of, 
as well as movements made into, both visual hemifields. This means that the right hemisphere 
uses information about the outside world derived from both hemispheres. The right PMd is 
thus logically positioned to support visuomotor integration and guide the resulting movement 
instructions also to the opposite PMd [18]. Similarly, the stronger involvement of the right 
PMd in complex bilateral movements, relative to the left PMd, suggests more efficient access 
to bilateral hemisphere information [19-22]. We therefore hypothesized that, in addition to 
ipsilateral parietal input, the right PMd receives more sensory information from the left 
hemisphere compared with the contralateral input received by the left PMd. Although the 
left PMd contributes to specific left-hemisphere functions, such as language and dexterity 
[23,24], the ventral premotor cortex is more involved in these functions and has stronger 
connections within the ipsilateral hemisphere [25].
To compare the ipsi- and contralateral hemisphere connections of each of the two PMds, we 
employed probabilistic diffusion tensor imaging (DTI) and a novel analysis. In this study, 
a whole brain connectivity distribution was generated with the PMd as seed region. Next, 
normalized whole brain connectivity distributions were implemented in the construction of 
group maps. The latter were used for voxel-based statistical testing of a lateralized dominance 
of connections with either the right or the left PMd.
Methods
Subjects
Sixteen healthy right-handed subjects, mean age 26.8 years (SD ± 9.8), nine females, 




subjects were right-handed as indicated by the Edinburgh handedness inventory [26]. The 
experiment was approved by the local Medical Ethical Committee. All subjects gave written 
informed consent according to the Declaration of Helsinki.
Data acquisition
Data acquisition was performed using a 3 T Philips magnetic resonance system (Philips 
Medical Systems, Best, The Netherlands) with a 32-channel head coil. Anatomical images 
were based on a T1-weighted three-dimensional (3D) ultrafast gradient echo sequence with 
repetition time 9 ms, echo time 3.5 ms, flip angle 8°, field of view 232 x 256 x 170 mm, 170 
slices without slice gap and a voxel size of 0.9 x 1 x 1 mm. Images for DTI were acquired with 
a diffusion-weighted spin echo sequence. The protocol comprised 60 independent diffusion 
gradient directions with b values of 1000 s/mm2 followed by a b0 image. Further scanning 
parameters were repetition time 8830 ms, echo time 61 ms, flip angle 90°, field of view 240 
x 240 x 138 mm, 55 slices without slice gap and a voxel size of 2.5 x 2.5 x 2.5 mm. To assess 
the quality of the diffusion data, the signal to noise ratio (SNR) was calculated using SNR 
= S/σ where S is the signal in a 2D region of interest of 10 x 10 = 100 voxels with maximal 
uniform brain signal and σ is the standard deviation of those 100 voxels [27]. The same 2D 
region was used to calculate the SNR for each diffusion direction as SNR might vary among 
directions [27]. The resultant total mean SNR was 7.7 (± 1.3), with 5.1 as the minimal value 
and 10.0 as the maximal value for one direction.
Image processing
Diffusion images were processed using tools from the FMRIB Software Library (FSL) 
version 4.1.9 (www.fmrib.ox.ac.uk/fsl). Diffusion images were realigned to the b0-image to 
compensate for eddy currents and motion [28]. The brain images were automatically extracted 
from the entire head images [29] and manually corrected. We calculated probabilistic 
distributions on multiple fibre directions at each voxel in the diffusion data using a multiple 
fibre extraction [30,31] with gradients corrected for slice angulations. A Bayesian estimation 
of diffusion parameters obtained using a sampling technique (BEDPOST) was conducted, 
which includes modelling of crossing fibres in each voxel [32]. For each subject, T1 images 
were co-registered with diffusion images by a nonlinear transformation preceded by a linear 
transformation. We used the default functions FNIRT and FLIRT provided by FSL [28]. The 
same procedure was done to co-register T1 images to the Montreal Neurological Institute 
(MNI) template. Both steps resulted in a transformation matrix, which was used to convert 
diffusion images to MNI or back through the T1 transformation matrices.
Each subject’s T1-weighted image was automatically segmented using the FSL FAST 
function [33]. Grey and white matter was dilated at 1 x 1 x 1 mm and a threshold was set 
at 0.2. The overlap between these grey and white matter images was used to create a grey 
matter/white matter boundary mask. Standard anatomical MNI space regions of interest of 
the PMd were derived from an existing binary human motor area template [34], which was 
transformed to T1 anatomical images of each subject using the nonlinear transformation 
matrix. The T1 PMd regions were multiplied with the grey matter/white matter boundary 
mask to select this part within the PMd. Thereafter, the grey matter/white matter PMd regions 
were nonlinearly transformed to diffusion space.
Connections of the right and left PMd were analyzed with probabilistic tractography. We 
tracked from the grey matter/white matter boundary voxels within our PMd regions in native 
diffusion space to generate a connectivity distribution of those regions for each subject. 
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Output generated a connectivity distribution summing the total number of generated tracts for 
all voxels within the seed region. A single voxel then displays the summed hits for all tracts 
(i.e. the number of tracts that have passed the voxel). As result, probabilistic tractography 
is influenced by the size of the seed region next to the number of samples done for each 
voxel within that seed region. For the latter, we used the default number of 5000 samples. 
Although the size of the left and right PMd template in MNI space was equal, transforming 
it to diffusion space resulted in some differences in size, which might induce a bias towards 
one side for the seed region size in diffusion space and thereby also for tractography results. 
The mean size of the right PMd in native diffusion space was 580 (± 103) voxels, while for 
the left it was 560 (± 101) voxels, which was not significantly different when compared 
with each other (t15 = 1.25, Ptwo-tailed = 0.231). Furthermore, the right PMd was larger than the 
left in eight subjects (67 ± 57 voxels), while the left PMd was larger than the right in the 
other eight subjects (27 ± 23 voxels). This virtually eliminated the possibility of bias in our 
diffusion seed region toward one side, thus avoiding a possible confounding bias in the two 
connectivity distributions. To eliminate the possibility of faulty tracking to the contralateral 
hemisphere through ‘kissing’ fibers in the brainstem, we included an exclusion mask in the 
midsagittal plane from the third ventricle downward through the brainstem between the 
cerebral peduncles, with a boundary anterior and posterior of the surrounding cerebrospinal 
fluid. Note that in this way tractography did not reach the contralateral cerebellum, thus 
excluding its assessment.
Comparison of left and right PMd connections
To compare the connectivity distribution of the right and left PMd, we used a novel approach 
to test hemisphere differences of connections at group level. Maps of generated tracts for each 
hemisphere were superimposed on each other in MNI space and tested for group differences 
using permutation statistics. To that end, first the two separate images of the cerebral 
connectivity distribution for the right and left PMd were transformed from diffusion to MNI 
space through T1 by two nonlinear transformations. The original PMd tracts (transformed in 
MNI space) were visualized by calculating the median over all subjects for each voxel for 
both the right and the left PMd (Fig. 1). Intrinsically linked to the methods of probabilistic 
tractography, these median group images are prone to a distance bias because areas at larger 
distance from a given seed region are less likely to demonstrate their tracts as nearby areas. In 
our analysis, however, this issue did not play a role because left–right comparisons were made 
between tracts that both originated from symmetrically equal right and left PMd seed regions 
and passed distant voxels that were positioned in a similar symmetrical way, thus equally 
far from their seed PMd. We therefore only draw conclusions from the images originating 
from the statistically tested differences between the two PMds. To test for such differences, 
we flipped the connectivity maps of the left PMd in MNI space. Furthermore, we separately 
subtracted for each subject (i) the right from the left mirrored and (ii) the left mirrored from the 
right connectivity maps. This resulted in two connectivity maps for each subject displaying 
the differences of the right and left mirrored PMd, now displayed in MNI space as ipsilateral 
and contralateral to the seed region. The two resulting connectivity distributions provided 
the input for the subsequently conducted voxel-based group testing of these connectivity 
maps by using a one-sample nonparametric permutation test with 5000 permutations for 
each voxel [35]. This resulted in an uncorrected p-value map of differences displaying which 
voxels showed more contribution to the right than left PMd in both the ipsi- and contralateral 




voxels showed more contribution to the left than right PMd. A voxel-level threshold of p < 
0.001 was used with a cluster extend threshold of 20 voxels to reduce false positive results 
using MRIcron (http://www.mccauslandcenter.sc.edu/mricro/mricron/). In this way we could 
assess whether resulting patterns in the statistical difference map were indeed characterized 
by an elongated ‘fiber shape’, reflecting the specific relationship between adjacent voxels 
in a tract. Ignoring this physiological feature of a cluster and using, for example, a family-
wise error (FWE) correction for multiple comparisons might result in false negative findings. 
Furthermore, a mask was applied to exclude all voxels outside the brain.
results
The pattern of connections that originated from the right and left PMd seed regions showed 
major similarities (Fig. 1). Eyeballing these original PMd tracts nevertheless showed subtle 
differences. For instance, right PMd tracts reached left parieto-occipital regions and the left 
postcentral gyrus, while the left PMd did not make these contralateral connections. The 
results of a formal assessment of such differences are presented in the following paragraphs.
Right PMd connectivity dominance
In general, the right PMd had more connections distributed within the left hemisphere 
compared with the contralateral hemisphere connections of the left PMd. These contralateral 
connections of the right PMd were particularly made with parietal and occipital cortex regions 
(Fig. 2; green clusters). The largest cluster comprised the posterior part of the fronto-occipital 
fasciculus ending along the calcarine sulcus, bordering the lingual, fusiform and middle 
occipital gyri. This cluster also spread along the posterior segment of the intraparietal sulcus. 
Another dominant cluster in the contralateral hemisphere was seen around the central sulcus, 
both in the postcentral gyrus underlying the somatosensory cortex and in the precentral gyrus 
including the motor representation of the hand. Within the corpus callosum, the right PMd 
connections outnumbered those of the left PMd in the posterior midbody and splenium. In the 
ipsilateral hemisphere, a dominance of right PMd connections with occipito-parietal regions 
was also found, but this was less pronounced than for the connections with contralateral 
posterior brain regions (Fig. 2).
Left PMd connectivity dominance
Although the right PMd was generally dominant with regard to the pattern of contralateral 
connections, a few contralateral connections of the left PMd with rostral parts of the prefrontal 
cortex were more intense compared with the right PMd equivalents (Fig. 2; blue clusters). 
Such anterior dominance was also seen in the corpus callosum with left PMd connections 
outnumbering the right PMd connections in the genu. The left PMd, relative to the right 
PMd, showed more ipsilateral connections with medial premotor regions, comprising 
the anterior cingulate and pre-supplementary motor area (pre-SMA). Such dominance of 
left ipsilateral PMd connections was also seen for connections with the ventral premotor 
and anterior parietal cortex as well as a few temporal cortex regions. In addition, we saw 
ipsilateral connections in the cerebellum when the left PMd was defined as seed region. With 
regard to cerebellar connectivity, it should be kept in mind that its basic pattern of crossed 
cerebral–cerebellar connections could not be assessed due to the midsaggital mask through 
brainstem and diencephalon, which was used to exclude faulty PMd tracking along ‘kissing’ 
fibers in the brainstem (Fig. 2; red line).
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dIscussIon
The present study demonstrated a hemisphere-specific difference between the left and right 
PMd regarding the descriptive distribution of its connections. Although functional inferences 
made from anatomical differences have a speculative character, the dominance of connections 
between the right PMd and particularly contralateral occipito-parietal regions, relative to the 
contralateral connections of the left PMd, provide support for the hypothesis that the right 
PMd is dominant in the integration of visual information to prepare purposeful movements. 
Consistent with such dominance of connections with posterior brain regions, these right PMd 
connections outnumbered the left PMd connections in the posterior segments of the corpus 
callosum. Connections of the left PMd with the contralateral prefrontal regions were dominant 
over those of the right PMd with the prefrontal cortex, while transcallosal connections were 
more strongly represented in the anterior callosal segments. Where previous tractography 
studies have identified the location of strong reciprocal connections within the corpus callosum 
that predominantly run between homologous areas of both hemispheres [36,37], our study 
enabled identification of lateralization differences between transcallosal connections of the 
right and left PMd. With respect to the concept ‘connection’, note that tractography does not 
provide information about the direction of information flow along an identified tract, while 
it may not necessarily discriminate between monosynaptic connections and a connectional 
chain including synaptic intersections [38]. The latter particularly concerns fibers entering 
4
Figure 1. Tractography of the right and left dorsal premotor cortex. Median tractography values 
over all subjects for each voxel are shown for the right (green) and left (blue) PMd. The left PMd is 
mirrored to ease comparison of the right and left PMd. Results are displayed on a mean T1 magnetic 
resonance image of all 16 subjects transformed into standard MNI space. Positive z coordinates refer 
to the distance of transverse sections (mm) superior to the plane traversing the anterior and posterior 
commissures. The color scale indicates the total number of tracts that passed the voxel. Values above 
1000 are represented by the same color intensity. The contralateral cerebellum was not reached via the 
cerebral peduncles due to a midsagittal exclusion mask through the brainstem (red line). ipsi origin = 
ipsilateral to seed region; contra origin = contralateral to seed region; R = right side of the brain; L = 
left side of the brain.
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the cortex. Synaptic intersection of a given white matter tract would imply passing grey 
matter, which is at odds with the methodological concept of DTI. We did indeed not see 
such crossing of grey matter in our study. For example, connections with the occipital lobe 
laterally passed the parieto-occipital sulcus.
Figure 2. Differences in connectivity distributions of the left and right dorsal premotor cortex. 
Differences between the left (L) and right (R) PMd are shown on transverse sections of a mean group 
anatomy (n = 16) in standard MNI space, which implies that a horizontal reference plane traverses the 
anterior and posterior commissures. The x, y, z coordinates (mm) refer to the distance of, respectively, 
coronal, sagittal and transverse sections to the middle of the anterior commissure. Positive z and y 
coordinates indicate the position of sections, respectively, superior and anterior to the anterior 
commissure, while positive x coordinates indicate the distance to the mid-sagittal plane of sections 
contralateral to the PMd from which tracts originate. Thresholds are set at p < 0.001 with an extended 
voxel threshold of 20 voxels. The contralateral cerebellum was not reached via the cerebral peduncles 
due to a midsagittal exclusion mask through the brainstem (red line). 1 = inferior temporal gyrus; 2 
= external capsule; 3 = anterior cingulate gyrus; 4 = superior and middle frontal gyrus; 5 = superior 
temporal gyrus; 6 = ventral premotor cortex; 7 = fronto-occipital fasciculus; 8 = precentral gyrus; 9 = 
postcentral gyrus; 10 = pre-supplementary motor area.
65
Lateralized specialization of perception and action 
Although the visual system already contributes to visuomotor control by maintaining a 
functional segregation between parvo- (color) and magnocellular (motion) processing 
streams, the parietal cortex is further implicated in higher order visuospatial and visuomotor 
processing along a dorsal visual stream [8,9,14,39]. Integration of lateralized visual 
characteristics in whole-field visual processing may already take place along highly focused 
transcallosal connections between the occipital lobes [40-42]. A consequence of right-
hemisphere dominance in human visuomotor integration is a more complex transcallosal 
innervation to enable efficient access to sensory information from both hemispheres as well 
as an effective transfer of movement parameters, not only to the adjacent right motor cortex 
but also to the left (pre)motor cortex. The latter is reflected by the right PMd connections with 
the precentral gyrus, of which the posterior surface contains the primary motor cortex, while 
the premotor cortex spans its anterior and lateral surfaces. The crucial role that we attributed 
to the right PMd concerning visuomotor transformations is thus supported by the identified 
pattern of dominant connections with, in particular, occipito-parietal regions relative to the 
left PMd connections.
Dominance of the contralateral connections with the right PMd not only concerned vision-
related tracts. Additional PMd connections with parietal regions point at involvement of the 
right PMd in general sensorimotor processing, including the integration of somatosensory 
information. Right-sided dominance concerning the latter is consistent with right parietal–
premotor circuitry previously described to be involved in the integration of proprioceptive 
information in motor control [20,43], which may be particularly beneficial for coordinating 
bilateral movement.
While sensorimotor transformations involved in motor preparation are often characterized 
by bottom-up processing, the same connections may facilitate a reciprocal information flow 
in a more top-down fashion. In attention, these two directions characterize the distinction 
between sensory driven and goal-directed attention, respectively [44]. The dominance of 
contralateral connections of the right PMd with, in particular, posterior parts of the brain, 
relative to the left PMd connections, is indeed consistent with functional circuitry implicated 
in spatial attention [45,46]. In this way, hemisphere-specific characteristics of right PMd 
connectivity contributes to understanding neuronal mechanisms that underlie a lateralized 
higher-order brain function such as spatial processing in both sensorimotor transformations 
and attention.
For the left PMd, connections were stronger with prefrontal regions, relative to the prefrontal 
connections of the right PMd. This particularly concerned ipsilateral connections with 
cingulate motor areas and the pre-SMA, and contralateral connections with the lateral 
surface of the anterior prefrontal cortex. Although we did not start with a specific hypothesis 
concerning connections of the left PMd, stronger involvement in circuitry comprising these 
frontal regions fits left-hemisphere dominance underlying right-handedness. In this respect, 
medial premotor regions may contribute to right-hand dominance by accommodating a 
lead in the internal generation of action [47] as well as recruiting overlearned movement 
sequences [48,49]. The dominance of left PMd connections with the ventral premotor and 
anterior parietal cortex in the ipsilateral hemisphere, relative to such connections of the 
right PMd in the opposite hemisphere, may further support a contribution of specifically 
the left PMd to fine precision movements [15,50-52]. A concerted function of the left PMd 
and medial premotor areas has also been associated with a left-hemisphere function such 
as speech [53,54]. The presence of a dominant left-hemisphere tract from the PMd to the 






The patterns of, in particular, contralateral hemisphere connections of the right PMd indicated 
a lateralized dominance related to visuomotor control. This was based on the stronger 
connections of the right PMd with occipito-parietal regions of the opposite hemisphere. 
Relative to the connections of the right PMd, left PMd connections were stronger with 
prefrontal areas, ipsilateral ventral premotor and the anterior parietal cortex representing 
action dominance based on a lead in motor intention and fine precision skills. These two 
patterns of lateralized right and left PMd connections may thus reflect a hemisphere-specific 
dominance for perception and action, respectively.
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Anterior temporal atrophy and posterior progression 





Parkinson’s disease (PD) is characterized by specific motor and nonmotor impairments. 
This suggests that PD is characterized by disease-specific regional cortical atrophy. 
Given the change of symptoms over time, a concurrent increase in regional atrophy may 
further be assumed to reflect the dynamic process of disease progression. In this study we 
retrospectively collected T1-weighted MRI scans from previous studies performed in our 
center, enabling the comparison of grey matter atrophy in 77 PD patients with 87 controls 
using voxel-based morphometry (VBM). This large VBM analysis provided the opportunity 
to investigate cortical atrophy in relation with disease progression. We found significant 
PD-related reductions of grey matter density bilaterally in the anterior temporal cortex, the 
left inferior frontal and left extrastriate visual cortex, independent from normal aging. The 
anterior temporal cortex did not show major progression, whereas particularly the posterior 
parts of the lateral temporal cortex and adjacent extrastriate visual cortex occurred at a 
later stage of disease. Temporal pole atrophy as an early sign of PD is consistent with the 
PD pathology classification of Braak. The initial anterior temporal atrophy with spread to 
occipitotemporal and posterior parietal regions may subserve ‘emotion-based’ sensorimotor 
transformations and deficits in the visual domain, respectively, which may be regarded as 
premotor symptoms.
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IntroductIon
The main pathology in idiopathic Parkinson’s disease (PD) is degeneration of the substantia 
nigra and its dopaminergic projections to the striatum [1], which is a major cause of the 
motor symptoms in this disease. This is associated with misfolding of α-synuclein [2]. It 
is increasingly recognized, however, that PD not only involves the motor system, but 
inflicts deterioration in multiple domains. For instance, olfactory dysfunction is considered 
as a relatively early or even preclinical sign in PD [3], while in later stages pathological 
changes in olfaction-related brain areas have been described [4]. Cortical atrophy has been 
demonstrated to correlate with olfactory dysfunction in PD [5]. Especially in later stages, 
cognitive impairment, including visuospatial dysfunction and alterations in executive 
functions, occurs relatively often in PD [6]. Such cortical dysfunction suggests that PD is 
characterized by a disease-specific regional atrophy. Given the change of symptoms over 
time, an associated change in the distribution of regional atrophy may further be assumed 
to reflect the dynamic process of disease progression. In a network view of the brain, it is 
reasonable to think that initial subcortical damage in PD may inflict cortical impairments in 
regions that receive projections from such subcortical sources [7]. One may thus hypothesize 
that long-term hypoactivation of the cortex by subcortical structures leads to cortical atrophy.
Voxel-based morphometry (VBM) studies in PD typically comprised small subject groups 
and yielded variable and even conflicting results [8]. In the present study, we retrospectively 
collected 3 T MRI images of 77 PD patients that were included in previous studies performed 
at our center. This resulted in one of the largest VBM analyses comparing patients with PD 
and controls. Given the variation in disease duration of these patients, it also provided the 
opportunity to investigate cortical atrophy as an index of disease progression.
Methods
Subjects
T1-weighted images were retrospectively collected from all 7 studies performed in our center 
between 2007 and 2013 (104 controls, 111 PD patients). These studies concerned only 1 
VBM study [9] and 6 different functional MRI experiments that included the acquisition of 
a T1-weighted anatomical brain image used for coregistration and the assessment of general 
brain characteristics. Since some subjects participated in more than 1 study, we only used the 
last scan made in order to assess the patient scans with the most pronounced characteristics 
of disease. As 34 PD patients and 8 controls participated in 2 or more studies, the control 
scans outnumbered the included PD scans. This provided the opportunity to make a selection 
of control subjects in order to get an optimally age-matched control group. To that end, we 
inspected the age distribution of both groups, after excluding the first of the possible double 
scans, and subsequently excluded 9 controls that were not in the same age group as the PD 
patients. This resulted in a total of 87 controls and 77 patients with PD who were included 
for further analysis. Patients met the criteria of the UK PD Society Brain Bank. Severity of 
motor symptoms was assessed using part III of the Unified Parkinson’s Disease Rating Scale 
(UPDRS) [10]. The Mini-Mental State Examination (MMSE) was used as a screening tool 
for cognitive functions. An MMSE ≥24 was considered to represent unimpaired cognition. 
Subjects suffering from neurological disorders other than PD or psychiatric disorders were 
excluded. All studies were approved by the local Medical Ethical Committee. Participants 





Data acquisition was performed using a 3 T Philips MR system (Best, the Netherlands) with 
a standard 8-channel SENSE head coil. In 3 of the 6 studies (49 controls, 45 PD patients) T1-
weighted three-dimensional anatomical scans were acquired with field of view 232 × 256 × 
170, TR = 9.0 ms, TE = 3.5 ms, flip angle 8°, 170 slices without slice gap and voxel size 0.9 
× 1 × 1 mm. The other 3 studies (38 controls, 32 PD patients) acquired T1-weighted scans 
with field of view 256 × 160 × 204 mm, TR = 25 ms, TE = 4.6 ms, flip angle 30°, 160 slices 
with slice gap –1 and voxel size 1 × 1 × 1 mm. The two acquisition protocols were equally 
distributed over the groups.
Image Analysis
VBM is a method applied in MRI data sets, which offers the opportunity to compare the entire 
cortex across different groups without a priori assumptions on a subjective region of interest 
selection [11]. VBM enables the detection of differences in grey matter concentration on a local 
scale, while correcting for global shape differences [11]. Image processing and voxel-based 
statistical analysis were conducted using Statistical Parametric Mapping, version 8 (2009, 
Wellcome Department of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/
spm). Raw images were manually reoriented to put the middle of the anterior commissure at 
the coordinate x0.y0.z0 position. The images were processed using the unified segmentation 
approach with standard settings [12]. In this approach the images are segmented in grey 
matter, white matter and cerebrospinal fluid, bias corrected and spatially normalized to the 
Montreal Neurological Institute brain reference space, based on nonlinear registration with 
tissue probability maps. The segmented grey matter images were modulated and smoothed 
(full width at half maximum 8). We used the optimized VBM method in SPM8, because it is 
widely used and there is extensive experience with this method. An alternative might have 
been to use DARTEL. It has, however, been shown that DARTEL not necessarily results in 
better image registration in patients with Alzheimer’s disease, frontotemporal dementia and 
semantic dementia, while it may be less sensitive than the method we used [13]. On the other 
hand, DARTEL has been reported to be more sensitive for detecting hippocampal changes in 
acute depression [14].
Statistical Analysis of Behavioral Parameters
MMSE scores and age were not normally distributed and therefore tested for differences 
between the groups with the Mann-Whitney U test. Gender was compared using the χ2 test. 
A p value < 0.05 was considered statistically significant.
Image Statistical Analysis
Total grey matter was calculated per subject and used as a covariate in the model to remove 
variance due to differences in brain size, because we were interested in regional grey matter 
differences. Also, the type of T1 scan was used as a covariate to correct for possible effects 
of differences in scanning parameters. Initial analysis assessed the presence of regional 
differences between patients and controls at voxel level p < 0.001 to see if there were any 
differences. Resulting clusters of regional difference were regarded statistically significant at 
p < 0.05 family-wise error (FWE) corrected with a cluster extent of 8 voxels. We compared 
healthy controls (n = 87) with PD patients (n = 77) on local grey matter density changes with 
ANOVA (flexible factorial design). To check whether the perceived atrophy was not merely 
the consequence of normal aging we similarly compared the 25 youngest controls with the 
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25 oldest controls. In addition, we compared the 87 healthy controls with the 25 PD patients 
with the shortest duration of disease (PD_short) and the 25 patients with the longest disease 
duration (PD_long), respectively. These comparisons were expected to provide insight into 
disease progression. An additional comparison between the 25 PD_short and 25 PD_long 
patients complemented the two comparisons between patients and control subjects. The 
reason to introduce this binary split was to get a clear distinction between the subgroups with 
short and long disease duration, leaving out patients with intermediate disease duration. The 
large patient group indeed allowed such a selection.
results
There were no significant differences between PD patients and healthy controls regarding age 
and gender, while the MMSE score was slightly but significantly lower in the patient group 
(Table 1). None of the participants had an MMSE below 24.
Table 1. Subject characteristics.
Controls (n=87) n PD (n=77) n p-value
Age (years) 60.1 (7.2) 87 63.0 (10.5) 77 0.07
Gender (male) 50 85§ 46 70§ 0.42
MMSE (0-30) 28.0 (1.0) 84§ 27.0 (1.3)± 70§ 0.00
UPDRS III (0-56) n.a. n.a. 24.3 (7.5) 69§ n.a.
Disease duration (years) n.a. n.a. 8.0 (5.1) 65§ n.a.
Data presented as mean (standard deviation). n.a. = not applicable.
§: lower subject number (n) due to missing data.
±: score range 24-30 in patients.
VBM of Patients with PD versus Controls
Comparison of PD patients with healthy controls revealed significant reductions of regional 
grey matter density which was most pronounced in anterior temporal regions (Fig. 1A; Table 
2). Adjacent to the cluster of left anterior temporal atrophy, inferior frontal atrophy was seen, 
while in the right hemisphere posterolateral frontal atrophy was seen at a more dorsal position. 
In posterior parts of the brain, cortical atrophy was identified in both ventrolateral and dorsal 
extrastriate visual areas of particularly the left hemisphere, together with significant right 
precuneus atrophy. At a relaxed threshold of p < 0.001 voxel level uncorrected, the revealed 
pattern of reduced right occipital and parietal grey matter density was similar to that in the 
left hemisphere. There were no regions identified with more grey matter atrophy in controls 
compared to PD patients.
Progression of Cortical Atrophy in Patients with PD
Statistical analysis showed that disease duration of the 25 PD_short patients (mean duration 
3.3 years, SD 1.2) was indeed significantly shorter compared to the PD_ long patients (mean 
13.2 years, SD 4.1; p < 0.001). These two groups did not differ in age and MMSE. Mean age 
of PD_short was 61.8 years (SD 8.8) with a mean MMSE of 27.6 (SD 1.3) while it was 63.0 
years (SD 7.1) for PD_long and MMSE 27.4 (SD 1.3) (p = 0.60 for each parameter). Neither 
did the two groups differ in gender (15 males in PD_short and 16 males in PD_short, p = 
0.77). The groups had an equal distribution in the type of T1 scan (17 of the first sequence 




Compared to the control group, the 25 PD_short patients had cortical atrophy of both temporal 
poles (p < 0.001, voxel level uncorrected; Fig. 1B). This difference in grey matter density 
did, however, not reach statistical significance at cluster level corrected for the entire brain 
volume (FWE). When the 25 PD_long patients were compared with the controls, significant 
grey matter reductions were seen at the two temporal poles and in left extrastriate cortical 
regions (p < 0.05, FWE corrected; Fig. 1C). Complementary to comparing the control 
subjects with successively the PD_short and PD_long patients, a direct comparison of PD_
short with PD_long showed a progression of regional atrophy in the PD_long group at the 
lateral occipitotemporal junction, bilaterally, with a maximum in the right middle temporal 
gyrus (x 54, y –42, z –4; p < 0.001, voxel level uncorrected; Fig. 1D; Table 3). No differences 
were seen at the temporal poles. The clusters of advanced atrophy did, however, not reach 
significance at the cluster level corrected for the entire brain volume. This was also the case 
for changes in the right middle frontal gyrus (BA 45) and right supramarginal gyrus (BA 2).
Figure 1. (A) Clusters of significant regional reduction of grey matter density in patients with PD when 
compared to control subjects (p < 0.05, FWE corrected, voxel extent k of 8 voxels). In addition to the 
brain volume images, the atrophy at the ventral surface of the temporal poles is depicted on a coronal 
slice at y +2 mm relative to the vertical traversing the anterior commissure. (B) The single regions with 
reduction of grey matter density in the 25 patients with PD with the shortest disease duration compared 
to the 87 healthy control subjects (p < 0.001, uncorrected, k of 8 voxels) in a coronal section (y +2 mm). 
(C) Regional reduction of grey matter density in the 25 PD patients with the longest disease duration 
compared to healthy controls (p < 0.05, FWE corrected, k of 8 voxels). (D) Regional reduction of grey 
matter density of the 25 PD patients with the longest disease duration when compared to the 25 patients 
with the shortest disease duration (voxel level p < 0.001, uncorrected, k of 20 voxels). In addition, the 
atrophy of the right fusiform gyrus, right middle temporal gyrus and left inferior temporal gyrus are 
depicted on a coronal slice at y –44 mm relative to the vertical traversing the anterior commissure. 
Clusters are rendered onto the volume or a section of a standard T1-weighted brain (Montreal 
Neurological Intstitute). T values are indicated by the color bars; R = right side fo the brain.
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Table 2. Regional decreases of cerebral grey matter in patients with PD compared with 
controls.
Brain region (BA) x y z T value Extent P corrected
Right hemisphere
Temporal pole (38) 32 14 -28 6.65 979 0.000
Inferior temporal gyrus (20) 50 4 -42 6.52 sc sc
Fusiform gyrus (19) 26 -70 -14 5.47 18 0.012
Superior parietal lobule (7) 8 -68 58 5.34 22 0.009
Rolandic operculum (48) 46 -4 10 5.26 9 0.020
Dorsolateral prefrontal cortex (46) 52 16 36 5.48 15 0.014
Left hemisphere
Temporal pole (38) -30 18 -32 5.40 253 0.000
Inferior frontal gyrus (47) -44 20 -2 5.39 sc sc
Inferior temporal gyrus (20) -56 -6 -34 5.46 260 0.000
Hippocampus (27) -24 -10 -12 5.49 75 0.001
Fusiform gyrus (19) -28 -74 -16 5.78 81 0.001
Anterior lingual gyrus (27) -12 -36 -6 5.74 36 0.005
Extrastriate visual cortex (19) -50 -76 0 6.12 221 0.000
Superior occipital gyrus (18) -24 -92 26 5.44 49 0.003
Cuneus (18) -2 -84 34 5.21 31 0.006
Coordinates (standard brain Montreal Neurological Insititute, MNI) refer to the voxels of maximum 
difference within clusters of significant difference (p < 0.05 FWE corrected, voxel extend of 8 voxels). 
BA = Brodmann area, sc = same cluster.
Table 3. Progression of cerebral grey matter loss in PD (PD_short > PD_long).
Brain region (BA) x y z T value Extent P uncorrected
Right hemisphere
Middle temporal gyrus (21) 54 -42 -4 3.9 56 0.24
Fusiform gyrus (19) 36 -40 -20 4.3 82 0.16
Supramarginal gyrus (2) 62 -26 46 3.7 40 0.32
Middle frontal gyrus (45) 60 32 16 3.8 64 0.21
Left hemisphere
Inferior temporal gyrus (20) -54 -46 -14 3.5 32 0.38
Inferior temporal gyrus (20) -54 -58 -4 3.5 75 0.18
Middle temporal gyrus (21) -56 -56 20 3.3 21 0.48
Extrastriate visual cortex (19) -54 -72 4 3.5 28 0.41
Coordinates (standard brain Montreal Neurological Insititute, MNI) refer to voxels of maximal 




Comparison of Old and Young Controls
In comparison with the 25 youngest controls (mean age 51.3 years, SD 4.3), the 25 oldest 
control subjects (mean age 68.1 years, SD 3.7) had a reduction of grey matter density in both 
the midcingulate cortex and superior surface of the left temporal lobe along the sylvian fissure 
(Fig. 2). This difference in grey matter density only reached a subthreshold significance level 
of p < 0.001 (voxel level, uncorrected) while the difference in age was indeed statistically 
significant (p < 0.01).
dIscussIon
In this large study with 77 PD patients, we found significant PD-related reductions of grey matter 
density in predominantly the anterior temporal cortex, bilaterally, left inferior frontal and left 
extrastriate visual cortex. This distribution of regional atrophy was different from the observed 
aging-associated pattern of atrophy in temporal perisylvian and cingulate cortices. The latter was 
consistent with previous studies on normal aging [15]. Progression of atrophy in PD was inferred 
from the comparison between patients with the shortest and longest disease durations. This
analysis indicated that the early anterior temporal atrophy did not show major progression, 
whereas atrophy of particularly the posterior parts of the lateral temporal cortex and adjacent 
extrastriate visual cortex occurred at a later stage of disease, together with reductions of 
grey matter density in the right supramarginal and right inferior frontal gyrus. Temporal pole 
atrophy as an early sign of PD would seem consistent with the previous description of Braak 
et al. [4]. 
Anterior Temporal Atrophy
At first sight, atrophy at the temporal pole may seem at odds with the dominant characteristics 
of motor dysfunction, which define PD. On the other hand, the consistency of symptoms such 
as hyposmia that precede motor symptoms may point at an impaired function of the anterior 
(anteromedial) aspects of the temporal lobes [3,5]. Moreover, assessments of postmortem 
pathology in PD have indicated that, following intraneuronal brainstem pathology, initial 
cortical involvement particularly concerns the anteromedial temporal cortex [4]. Although 
Figure 2. Regional reduction of grey matter density in the oldest 25 control subjects when compared to 
the youngest 25 control subjects. Clusters of difference in the left superior temporal and cingulate gyrus 
at p < 0.001 uncorrected k of 50 voxels, are projected on a sagittal (x -40) and coronal (y -30) standard 
MNI brain section, respectively.
79
Anterior temporal atrophy and posterior progression in Parkinson’s disease 
particularly medial temporal atrophy in PD may hint at cognitive impairment [16], it has also 
been well documented for PD patients without signs of dementia [17]. It was intriguing to 
see that the most pronounced atrophy was found at the temporal pole, while progression of 
atrophy was not significantly present at this location. This may suggest that such a progression 
slows down in the course of disease. At an early disease stage, degeneration in particularly 
this region has indeed been shown by Braak et al. [4]. This might thus imply that due to 
advanced atrophy, additional progression is slower.
VBM examination of MR images for regional atrophy in PD patients, compared to healthy 
controls, has shown marked heterogeneity in the reported regions of atrophy, while some 
studies even failed to find any atrophy [18,19]. Relatively small study groups and differences 
in analysis methods are possible reasons for this variation. A common finding, nevertheless, 
appears to be atrophy of the temporal lobes, particularly in limbic and paralimbic regions [8]. 
However, with deformation-based morphometry there was only a significant contraction in 
the left cerebellum in early PD [20]. In a meta-analysis on clusters with significant grey matter 
reduction in PD obtained from 17 VBM studies involving 498 patients, Pan et al. [8] identified 
a single region of grey matter reduction comprising the left inferior frontal gyrus, anterior 
insula and left superior temporal gyrus (for a review in a broader perspective than VBM, 
see [21]). This focus of regional atrophy exactly corresponds to our main left-hemisphere 
cluster, while we found additional atrophy of the same region in the other hemisphere. Patient 
characteristics reported in the meta-analysis of Pan et al. [8] (mean age 66 years, disease 
duration 6.9 years and UPDRS III 24.1) indicated that our study represented an average PD 
population (mean age 63.0 years, disease duration 8.0 years and UPDRS III 24.3). Moreover, 
the variation in disease duration in our patient group with a mean of 3.3 years and 13.2 
years for PD_short and PD_long, respectively, made it feasible to additionally examine the 
pattern of atrophy progression. The coherence of results from directly comparing PD_short 
with PD_long and from the comparison of controls with each of these PD subgroups laid 
ground for the conclusion that the initial anterior temporal atrophy particularly spread to 
occipitotemporal and posterior parietal regions.
The temporal pole is implicated in a wide range of functions, particularly characterized by 
the attribution of an emotional content to stimuli in various perceptual domains [22]. Such 
emotion-related processing not only concerns its perception, but is intrinsically related to 
emotional expression, including simple vegetative responses such as changed heart rate or 
releasing tears, as well as more complex motor behavior [23,24]. In this respect, functional 
coherence between limbic system structures such as anteromedial temporal regions, adjacent 
insula, orbitofrontal cortex and ventral striatum is logically subserving ‘emotion-based’ 
sensorimotor transformations [23]. The amygdala complex, embedded anteromedially in the 
temporal lobe, seems to play an important role in the integration of internal emotional states 
and actual stimulus conditions in guiding e.g. the ventral striatum in the onset of behavioral 
responses [23,25]. A functional consequence of coherent temporal striatum involvement in 
such circuitry is that its dysfunction, associated with temporal pole atrophy, may not only 
lead to olfactory deficit, but also to PD premotor symptoms such as depression, anxiety and 
autonomic impairment [26]. In this respect, a typical PD symptom such as hypomimia may 
not only be regarded as a manifestation of motor dysfunction, but may well reflect a more 
complex impairment of emotional processing, including emotion-motor transformation. The 
role of the temporal pole in emotion perception has been well described [22]. For instance, 
it supports our empathizing with other people [27], while bilateral removal of the temporal 





It is intriguing to notice that the left-lateralized frontotemporal atrophy in the referred meta-
analysis of Pan et al. [8] fits the observation that PD-related deficit in the uncinate fascicle 
particularly occurred in the left hemisphere [29]. Although Kim et al.  [29] described more 
widely distributed white matter changes in the PD brain, changes in the crucial connection 
between the temporal pole and orbitofrontal cortex underscore the anterior temporal 
involvement in PD pathology.
A biochemical relation between anteromedial temporal dysfunction and PD might be inferred 
from the dopamine innervation in normal human subjects, as revealed by 18F-DOPA positron 
emission tomography. While striatum uptake of this tracer is the most evident feature of this 
functional imaging method, 18F-DOPA uptake in limbic structures such as the entorhinal 
cortex and amygdala is more than 4 times higher than that of the neocortex of the occipital 
lobe [30]. This implies that impaired dopamine innervation from the upper brainstem may 
have a larger impact on the referred limbic than neocortical regions. This argument, however, 
was not supported by the assessment of extrastriatal uptake of this tracer, as limbic uptake 
was not specifically reduced in early PD stages [31].
Posterior Cortical Atrophy
In addition to anterior temporal atrophy, regional clusters of PD-related atrophy particularly 
comprised posterior temporal, extrastriate visual and posterior parietal cortical regions. 
Moreover, the progression of atrophy during disease took place in predominantly these 
posterior regions, which suggests that it might initially follow the course of the inferior 
longitudinal fasciculus [32] or, more stepwise, the functional ventral visual pathway in 
reversed direction [33]. Such a progression of atrophy towards posterior temporal and 
extrastriate visual cortical regions would be consistent with a specific PD-related dysfunction 
in the visual domain. The latter includes hallucinations, which have been associated with 
impaired visual object processing in ventrolateral extrastriate visual areas [34]. The posterior 
parietal progression seems consistent with an important profile of neuropsychological 
dysfunction seen early in the course of the disease, which may predict cognitive decline [35]. 
The association between functional impairment of both visual and parietal cortex regions in 
PD [36] and observations that visual stimuli may have a stronger impact on gait control in 
this disease [37,38] underscore that more knowledge on visual cortex changes is required for 
understanding distinct PD symptoms.
Atrophy in Motor-Related Areas
While prefrontal and parietal foci of atrophy were found in our study, it may seem quite 
remarkable that no atrophy was seen in the striatum and cortical regions more specifically 
involved in motor processing. In a network view of cerebral processing, one might logically 
expect that degeneration of a crucial node or hub, such as the substantia nigra pars compacta, 
would inflict changes in distant parts of such a network (e.g. the cortico/basal ganglia/
thalamocortical loops). This view is supported by the distribution of decreased metabolism 
including the premotor cortex in patients with PD [36]. One may, in this respect, speculate 
that atrophy in these regions may occur at more advanced stages of PD following a preceding 
decrease in metabolism.
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conclusIon
VBM in a large group of PD patients showed that cortical atrophy was most pronounced 
at the temporal poles and the occipitotemporal junction, while it spread toward the lateral 
temporal cortex and adjacent extrastriate cortex in advanced PD. This distribution of cortical 
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Parkinson’s disease (PD) leads to impairment in multiple cognitive domains. Micrographia is 
a relatively early PD sign of visuomotor dysfunction, characterized by a global reduction in 
writing size and a decrement in size during writing. Here we aimed to investigate the effect 
of withdrawal of visual feedback on writing size in patients with PD.
Twenty-five patients with non-tremor-dominant PD without cognitive dysfunction and 
twenty-five age-matched controls had to write a standard sentence with and without visual 
feedback. We assessed the effect of withdrawal of visual feedback by measuring vertical 
word size (i), horizontal length of the sentence (ii) and the summed horizontal word length 
without interspacing (iii), comparing patients with controls.
In both patients and controls, writing was significantly larger without visual feedback. This 
enlargement did not significantly differ between the groups. Smaller handwriting significantly 
correlated with increased disease severity. 
Contrary to previous observations that withdrawal of visual feedback caused increased 
writing size in specifically PD, we did not find differences between patients and controls. 
Both groups wrote larger without visual feedback, which adds insight in general neuronal 
mechanisms underlying the balance between feed-forward and feedback in visuomotor 
control, mechanisms that also hold for grasping movements.
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6
IntroductIon
It is well-recognized that Parkinson’s disease (PD) is not only characterized by motor 
symptoms, but inflicts impairment in multiple other domains. Cognitive dysfunction such 
as visuospatial impairment is evident, also in patients without signs of dementia [1]. Even in 
mild PD, disturbed visuospatial perception can be observed [2]. Micrographia is a common 
sign in early PD, characterized by a global reduction in writing size and/or a decrement in 
size during writing [3]. Aside from such impairments, PD patients have different responses 
to external visual stimuli compared to control subjects [4], pointing towards altered 
visuomotor integration in PD [5]. A characteristic example of this is kinesia paradoxa; 
a strong improvement of motor symptoms after sensory stimuli. Given this disturbed 
visuomotor integration, micrographia may not merely point at motor dysfunction, but reflects 
a consequence of higher order visuospatial dysfunction. This concept is supported by the 
temporary increase of a patient’s size of writing when asked to do so [6].
In this concise experiment we aimed to establish the effect of visual feedback on the size 
of writing in PD patients compared to age-matched control subjects. In line with a previous 
experiment, we expected patients with PD to exhibit larger writing without visual feedback 
while such effect is less evident in control subjects [7].
Methods
Twenty-five patients with PD (mean age 64.4 years, SD 8.7) and twenty-five age-matched 
controls (mean age 64.0 years, SD 9.1) were included in this study. The Scales for outcomes 
in Parkinson’s disease - cognition (SCOPA-Cog, range 0-43) was used to compare cognition 
in PD patients with controls. Patients were recruited from the Movement Disorders Unit of 
the Neurology Department of the University Medical Center Groningen (UMCG). From this 
sample, both tremor-dominant PD without bradykinesia and patients receiving deep brain 
stimulation were excluded. Severity of motor symptoms was assessed using part III of the 
Movement Disorder Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS, range 
0-132). Dose intensity of different dopaminergic drug regimens of patients was expressed 
in a total levodopa equivalent dose [8]. None of the participants had other neurological, 
psychiatric, ophthalmological or musculoskeletal comorbidity that interfered with the task. 
Handedness was assessed using the Edinburgh Handedness Inventory [9]. Three patients and 
two controls were left-handed. Patients were tested approximately two hours before their end 
of dose of dopaminergic medication.
Subjects had to write the sentence ‘Het is mooi weer vandaag’ (Dutch for ‘it is nice weather 
today’) with their dominant hand on a blank paper without parallel lines, successively both 
with and without visual feedback. The acquisition was done by three investigators (E.R., 
A.R.E.P. and B.M.J.). The absence of visual feedback was achieved by keeping a blank 
paper above the writing hand. Paper without parallel lining was chosen because patients may 
increase the amplitude of writing when requested to write between lines.
The experiment was approved by the local medical ethical committee of the UMCG. All 
patients and ten healthy subjects that were tested with the SCOPA-Cog gave written informed 
consent according to the declaration of Helsinki. Fifteen control subjects were recruited in 
addition to the original protocol without, however, SCOPA-Cog assessment. This implied that 
we refrained from a formal written informed consent, in accordance with Dutch legislation, 
because no person-specific details other than age, sex and handedness were filed.
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Data acquisition and statistical analysis
Data were tested for normality with the Kolmogorov-Smirnov test. Age and SCOPA-Cog were 
normally distributed which allowed testing for differences between groups with independent-
samples t tests. The Edinburgh Handedness Inventory was not normally distributed and tested 
with the Mann Whitney U test. Gender was compared using the Chi-square test.
To assess the size of writing, the length of the sentence and summed horizontal word length 
without interspacing, as well as height of the letters were measured. These measurements 
were made blinded without knowledge concerning the presence or absence of visual feedback 
and whether the subject was a patient or control subject. Vertical size of writing was assessed 
using the vowels ‘i’, ‘o’, ‘e’ and ‘a’. These data were not normally distributed. Differences in 
size with and without visual feedback for subjects were calculated using the Wilcoxon Signed 
Ranks test, while statistical testing between patients and controls was done with independent 
samples Mann-Whitney U tests. A ratio of sizes in the absence versus presence of feedback 
was calculated per subject, enabling the comparison between PD patients and the control 
group with independent-samples Mann-Whitney U tests. Normal writing (with feedback) 
was correlated with the MDS-UPDRS part III using Spearman’s rho. A possible decrement 
during writing in PD patients was measured with a Wilcoxon Signed Ranks test, comparing 
the vertical size of the vowels in ‘mooi’ and ‘vandaag’ in the condition with visual feedback. 
The Statistical Package for the Social Sciences (SPSS; IBM Corp, Armonk, NY) version 22 
was used for all analyses. A p value < 0.05 was considered statistically significant.
results
The analysis of subject characteristics showed that the PD and healthy subject groups were 
matched for gender, age, handedness and cognitive function assessed by SCOPA-Cog. These 
and additional characteristics are summarized in Table 1.
Table 1. Subject characteristics.
Controls (n=25) PD (n=25) Difference (p-value)
Gender (male) 14 13 0.78
Age (years) 64.0 (9.1) 64.4 (8.7) 0.86
EHI 77.0 (52.2) 80.2 (39.5) 0.95
SCOPA-COG 28.5 (4.6)* 29.9 (4.9) 0.80
MDS-UPDRS III - 22.0 (13.5) -
Disease duration (years) - 6.0 (5.1) -
LED - 764 (425) -
Data presented as means with standard deviation in parentheses where appropriate. PD = Parkinson’s 
Disease; EHI = Edinburgh Handedness Inventory (range -100 - +100); SCOPA-Cog = PD Score on 
cognition (range 0-43); MDS-UPDRS III = Movement Disorders Society Unified Parkinson’s Disease 
Rating Scale, part III concerning motor symptoms (range 0-76); LED = levodopa equivalent dose. 
*n=10 for the SCOPA-Cog in this group.
Size of writing
Measurements along the vertical and horizontal axes of writing showed that without visual 
feedback both control subjects and PD patients wrote significantly larger along both the 
horizontal and vertical axes (Table 2). The two groups did not differ in the relative increase 
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of writing size when this was performed without visual feedback (Table 2). Although 
performance with visual feedback suggested a tendency to smaller PD handwriting, the two 
groups did not significantly differ in writing size. No decrement in vertical size (mean ± SD) 
was found in writing of the PD patients: 0.31 ± 0.10 cm for the measurement on the sentence 
onset and 0.31 ± 0.11 at the end of the sentence (p = 1.0). On the other hand, vertical size 
of writing with visual feedback negatively correlated with the MDS-UPDRS part III score 
(p < 0.01), annotating smaller writing in patients with a higher MDS-UPDRS score. This 
correlation remained subthreshold for the horizontal size of writing (p = 0.06).
Table 2. Size of writing in the presence and absence of visual feedback.
Controls PD patients Difference (p-value)
Vertical writing size
+ feedback (cm) 0.33 (0.12) 0.31 (0.11) 0.48
- feedback (cm) 0.38 (0.13) 0.38 (0.13) 0.78
Difference (p-value) < 0.01 < 0.01
Ratio -/+ feedback (%) 118 (20) 122 (22) 0.32
Horizontal writing size
+ feedback (cm) 12.7 (2.3) 11.5 (2.7) 0.11
- feedback (cm) 14.0 (2.8) 13.2 (2.9) 0.44
Difference (p-value) < 0.01 < 0.01
Ratio -/+ feedback (%) 111 (18) 117 (19) 0.23
Summed word length without interspacing
+ feedback (cm) 9.3 (1.8) 8.4 (2.0) 0.08
- feedback (cm) 10.2 (2.1) 9.2 (2.1) 0.09
Difference (p-value) < 0.01 0.02
Ratio -/+ feedback (%) 110 (15) 110 (16) 0.89
Data presented as means with standard deviation in parentheses where appropriate; PD = Parkinson’s 
Disease.
dIscussIon
The main finding of our study was the similar enlargement of writing in PD patients and 
control subjects when it was performed without visual feedback. With feedback, the only 
significant indicator of micrographia in PD was a correlation between smaller writing and a 
higher MDS-UPDRS (part III) score. The comparison of PD with control subjects showed 
a tendency to smaller writing in patients without statistical significance. Furthermore, no 
decrement was seen in the size of writing in the PD patients during writing. We did, however, 
not formally assess the possibility of micrographia gradually evolving over a prolonged time 
of writing in patients.  Our research question and method of analysis was restricted to the 
size component of writing, while it is known from studies using graphic tablets that other 
parameters can be affected such as the velocity, fluency and duration of handwriting [3].




knowledge the only other study assessing the effect of withdrawal of visual feedback. They 
described that only patients off medication had a larger handwriting in the absence of visual 
feedback, while such enlargement was not the case in PD patients on medication and controls 
[7]. Because our patients were tested two hours before the end of dose interval, one might 
consider them (partly) comparable with the ‘on’ medication group of Ondo and Satija [7]. 
Moreover, although they did not report a UPDRS score, their patients may have been more 
severely affected, inferred from a longer disease duration than our patients (means 8.5 versus 
6.0 years). Our results indicate that patients with a higher MDS-UPDRS III have a smaller 
size of normal writing. The largest increase of writing size observed by Ondo and Satija, was 
in patients with the smallest baseline in their study writing [7]. Because our patients did not 
have evident micrographia, it might still be possible that an extra increase in size of writing 
without visual feedback indeed particularly occurs in patients with micrographia. This might 
imply that micrographia and an extra increase in size of writing without visual feedback have 
a common cause of underlying neuronal dysfunction concerning scaling of size. 
Our findings are, on the other hand, in agreement with the observation that healthy controls 
also write larger without visual feedback [10]. A very recent review on the impact of PD on 
writing showed that 42% of the studies did not find a significant difference in size of writing 
between PD patients and controls, while 50% of studies found no difference in size of writing 
between on and off treatment in PD patients [3]. This might explain why we also did not find 
differences between the groups. 
We excluded patients with tremor-dominant PD without bradykinesia, while Ondo and Satija 
[7] did not report a distribution of specific PD subgroups. Theoretically, withdrawal of visual 
feedback might have a more pronounced effect on the size of writing in tremor-dominant 
patients. On the other hand, the enlargement of writing due to the absence of visual feedback 
occurred in both groups, adding ground to the idea that size scaling is a basic parameter 
in visuomotor control dependent on sensory input. In this respect one should consider the 
concept that motor preparation is not directly matched to visual input, but is mediated by 
an internal reference system onto which visual input and motor output are tuned during 
visuomotor control [4]. In visuomotor action, movement preparation includes feedforward 
processing of the sensory consequences of such action [11], while during the successive 
stages of performance, actual sensory feedback enables adjustment of motor planning. 
Without visual feedback, proprioceptive information as well as feedforward mechanisms 
may thus become more dominant. It is, in this respect, intriguing to speculate on a similar 
neuronal scaling process in writing and grasping. In the latter, the initial aperture is larger 
than the target size while, during reaching, it gradually decreases to match the size of the 
object [12]. One might thus expect that without updated visual feedback, dominance of the 
initial movement plan results in a persistently enlarged hand aperture. This has indeed been 
described [13]. A line of further research may focus on mechanisms of size scaling in specific 
PD subgroups in order to find an explanation for the existing interstudy variability.
conclusIon
The main finding of our study was a similar enlargement of writing in PD patients and healthy 
control subjects when performed without visual feedback. Although deviant from previous 
observations in PD, our findings added insight in general neuronal mechanisms underlying 
the balance between feed-forward and feedback in visuomotor control. With feedback, the 
only significant indicator of micrographia in PD was a correlation between smaller writing 
and a higher MDS-UPDRS (part III) score.
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Estimating size and distance is crucial in effective visuomotor control. The concept of an 
internal coordinate system implies that visual and motor size parameters are scaled onto 
a common template. To dissociate perceptual and motor components in such scaling, we 
performed an fMRI experiment in which 16 right-handed subjects copied geometric figures 
while the result of drawing remained out of sight. Either the size of the example figure varied 
while maintaining a constant size of drawing (visual incongruity) or the size of the examples 
remained constant while subjects were instructed to make changes in size (motor incongruity). 
These incongruent were compared to congruent conditions. Statistical Parametric Mapping 
(SPM8) revealed brain activations related to size incongruity in the dorsolateral prefrontal 
and inferior parietal cortex, pre-SMA / anterior cingulate and anterior insula, dominant in the 
right hemisphere. This pattern represented simultaneous use of a ‘resized’ virtual template and 
actual picture information requiring spatial working memory, early-stage attention shifting 
and inhibitory control. Activations were strongest in motor incongruity while right pre-dorsal 
premotor activation specifically occurred in this condition. Visual incongruity additionally 
relied on a ventral visual pathway. Left ventral premotor activation occurred in all variably 
sized drawing while constant visuomotor size, compared to congruent size variation, uniquely 
activated the lateral occipital cortex additional to superior parietal regions. These results 
highlight size as a fundamental parameter in both general hand movement and movement 
guided by objects perceived in the context of surrounding 3D space.
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IntroductIon
Grasping an object heavily relies on parietal – premotor circuitry [1-3] within which two 
basic processing streams can be discerned. While superior parietal and dorsal premotor cortex 
(PMd) particularly subserve aligning the direction of movement with the target’s spatial 
location [2,4-6], antero-inferior parietal and ventral premotor cortex (PMv) are stronger 
implicated in linking object shape and prehension [1,7,8]. Interrelated with the latter, visual 
object identification along an occipito-temporal processing stream [9] is based on building 
an image from elementary shapes, while recognizing a graspable object requires existing 
knowledge about its qualities [10-12]. In this, object identity remains constant, despite 
changing its image by viewing it from different perspectives. Similarly, the inferred size of 
an object remains constant when the size of the retinal image varies by placing it at different 
distances.
In grasping, changes in object perspective or distance require adjusted visuomotor 
transformations. In this, the perceived distance is inferred from the spatial relationships of 
such an object within its 3D environment, which enables scaling the hand aperture to the 
actual size of the target [13,14]. These variables in natural circumstances thus imply elaborate 
visuomotor transformations beyond simple matching visual shape and prehension, which 
fit the model describing that visuomotor transformations are mediated by internal spatial 
reference frames for optimal alignment of parameters derived from the modalities involved 
[15]. In the present study, we aimed to explore cerebral circuitry involved in these more 
complex aspects of achieving visuomotor congruity, particularly those concerning scaling 
of size. To address this specific issue of scaling size, we employed a drawing task in which 
sizes of visually presented figures and drawn copies varied independently from each other.
Studies that addressed visual congruity have not only advanced understanding of visual 
perception, but also provided models for mechanisms underlying visuomotor control. In 
the classical experiment of Shepard and Metzler, the time it took to assess whether pairs 
of 3D object pictures portrayed in different orientations concerned the same object or not, 
appeared to increase linearly with the angle of incongruity [16]. Although this experiment 
was designed for perceptual assessment, the results laid ground for the concept of mental 
manipulation (‘mental rotation’) of one of the two objects. The involvement of such covert 
motor function gained support from functional brain imaging [17,18], revealing a consistent 
role of the right parietal cortex [19]. The assessment of visual incongruity with an even 
stronger aspect of (covert) motor function was addressed in functional imaging studies that 
employed incongruity in hand positions [20,21], hand movements [22] or tool positions 
[23], demonstrating the involvement of the PMd, particularly in the left hemisphere and 
often associated with left parietal activation. These imaging results thus suggest a distinction 
in solving incongruity dominated by either perception or action, associated with right and 
left hemisphere functions, respectively. In an overt visuomotor experiment, we previously 
demonstrated such dissociation in visuomotor transformations concerning spatial incongruity 
between the axial orientations in displayed zigzag lines and the directions of drawing them 
[24]. In this, activations of the right parietal cortex and right PMd were related with visual 
incongruity while left PMd activation was particularly seen in motor incongruity, further 
supporting the model of an internally defined coordinate system onto which visual and motor 
coordinates are separately aligned [15].
A challenge to such internal coordinate system also occurs when estimating the actual size 
of a visually perceived object placed at varying distances in its environment. From such 




using a body-centered coordinate frame for referencing the range of the hand aperture. The 
environmental context of an object influences the perception of its size [25]. Viewing an 
image in which this object-environment relation is artificially manipulated may even induce 
illusionary disproportions of object size [25-27], which underscores the dynamic character of 
coordinate frames that anchor a representation of the visual world. An intriguing observation 
further highlighting that size is a specific parameter in visuomotor coordination concerns 
copying a written text by handwriting. In normal healthy subjects, the resulting text has a 
regular pattern constituted by letters of similar size. Although the script of patients suffering 
from Parkinson’s disease tends to become smaller during writing (micrographia) [28], this 
size is relatively enlarged when they copy the text without seeing their own text [29]. This 
similarly holds for copying zigzag figures without visual feedback [24]. 
In the present functional Magnetic Resonance Imaging (fMRI) experiment we employed a 
visuomotor paradigm essentially characterized by copying elementary figures without visual 
feedback upon drawing. In two conditions with visuomotor congruity, copies were made of 
figures with the same or variable sizes. Two conditions with visuomotor incongruity enabled 
us to separately challenge, and thus dissociate visual and motor aspects of the underlying 
visuomotor transformations. This was achieved by either (i) varying size of the example 
figure while maintaining a constant size of drawing or (ii) keeping the size of the examples 
constant while subjects were instructed to make copies either twice as large or half in size. 
We hypothesized that, compared to copying with congruent size, particularly right superior 
parietal and PMd activations would occur in copying with visual template variation (‘visual 
incongruity’) and that the left PMd would show stronger activation in relation with motor 
variation (‘motor incongruity’). Such dissociation would support the concept that size is a 
fundamental parameter, used by the brain in a similar way as spatial orientation and direction 
to encode visuomotor transformations.
Methods
Subjects
Sixteen healthy adult right-handed volunteers (eight female), mean age 25.5 years (SD 2.8 
years), participated in this study [30]. All had Dutch as a native language. The Edinburgh 
Handedness Inventory [31] confirmed that all subjects were right-handed with scores that 
varied between 60 and 100 (mean 90.0, SD 12.8). Subjects had no neurological or psychiatric 
disorders and did not suffer from lesions of the upper extremities. They all signed an 
informed consent according to a protocol approved by the Medical Ethics Committee of 
the University Medical Center Groningen. Study procedures were explained and practiced 
briefly immediately before the experiment until subjects understood the tasks.
Experimental procedure
Subjects were positioned in the scanner with pillows under their flexed knee, providing 
stable support for drawing on a metal-free drawing-case placed on their lap. They viewed a 
monitor screen on which instructions and visual stimuli were displayed using ‘Presentation’ 
(Neurobehavioural systems, Inc. Albany, USA). The paradigm was constituted by five 
stimulus-response conditions and a baseline condition of viewing a central fixation cross on a 
monitor screen. In the visuomotor conditions, one of three geometrical figures was presented 
on the screen, i.e. either a square, triangle or rhombus, while subjects had to draw figures 
with a pencil in their right hand. They had no visual feedback on their performance, which 
enabled us to specifically study the effect of size scaling in visuomotor transformation not 
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confounded by corrections due to visual feedback. In conditions 1-4, successively displayed 
figures had the same geometrical shape while size varied in conditions 2 and 3. In conditions 
1 and 2, subjects copied both shape and size of the displayed figures. In condition 3, each 
figure shape (which had variable sizes) had to be copied with the same size as the initial 
reference figure, while in condition 4 the presented figures (with invariant size) were copied 
larger or smaller. In condition 5, figure shape and size varied within a trial while subjects had 
to draw the initially presented figure shape with size of the actually presented figure. The 
task instruction for a trial was specified by a short text on the screen, presented during 2.5 s 
before each trial. In such following 18 s lasting trial, a series of six figures was presented (3 
s per figure).
In conditions 1, 2 and 4, the instruction text was placed above a central cross, while in 
conditions 3 and 5 the text was accompanied by a reference figure. In condition 1 (visuomotor 
congruence, VMcon), subjects had to copy the presented figures, which all had the same size. 
In this condition, a small bar was placed perpendicular to one of the figure edges to realize 
variation serving a maintained level of attention. In condition 2 (visuomotor congruence with 
different sizes, VMconSz), the figures varied in size and had to be copied with corresponding 
variation. Within the series of six presented figures, size was either 0.5, 0.75, identical, 1.5 
or double to the reference figure. In condition 3 (visual incongruence, Vinc), presentations 
were with size variation similar to condition 2, while now subjects had to copy the figure 
shape with an invariant size that matched the size of the reference figure that accompanied 
the instruction. In condition 4 (motor incongruence, Minc), subjects were instructed to copy 
the presented figure twice as large in half of the trials or two times smaller in the other 
trials of this condition. In this condition, size of the presented figures varied similar to the 
variations in conditions 2 and 3, but the figures were arranged in such a way that in the trials 
of enlarged copying, example sizes 1.5 and 2 were excluded while in the trials of making 
smaller copies, figure sizes 0.75 and 0.5 were not presented. Condition 5 (motor memory, 
Mm) was added to balance possible memory effects expected in condition 3 (Vinc). In this 
visuomotor condition, subjects had to copy the reference figure but with variable sizes. This 
size was indicated by the size of the six successively presented figures of which the shape 
differed from that of the trial’s reference figure. The specific instruction text (in Dutch) that 
accompanied either the central cross or the reference figure was ‘copy’ for conditions 1 and 
2, ‘draw this size’ for condition 3, ‘draw twice as big’ or ‘draw twice as small’ for condition 4 
and ‘draw this shape, change size’ for condition 5. Instruction for the baseline condition was 
given by ‘fixate’ with the central cross beneath it. The instruction for the latter was followed 
by five repeated presentations of the fixation cross, lasting 3 s each, and briefly interrupted by 
a 50 ms blank screen, similar to the switching of figures. 
Visual stimuli were presented in a block design, with eight different blocks equally divided 
over two runs (see Fig. 1). In each block, trials of the five stimulus-response conditions were 
each presented three times, while the fixation baseline was similarly presented three times. In 
this way every condition was repeated 24 times. The conditions were presented in a pseudo-
randomized interleaved order to avoid confounds due to ordering effects. Subjects were in 
the scanner for about 50 minutes. Between the two runs, a T1-weighted anatomical image 
was acquired and a new paper was placed on the drawing-case.
Data acquisition
Data acquisition was performed using a 3 T Philips MR system (Best, The Netherlands) 




gradient-echo T2* Blood Oxygen Level Dependent (BOLD) technique using the following 
parameters: field of view 224 x 136.5 x 224 mm, TR = 2000 ms, TE = 28.0 ms, flip angle 
70°, 39 slices without slice gap, isotropic voxels 3.5 x 3.5 x 3.5 mm, axial orientation, 721 
volumes per run. A T1-weighted 3D anatomical scan was acquired to obtain high-resolution 
anatomical information with a field of view of 232 x 170 x 256 mm, TR = 9.0 ms, TE = 3.5 
ms, flip angle 8°, 170 slices without slice gap, voxel size 0.9 x 1.0 x 1.0 mm.
Data analysis
Image processing and voxel-based statistical analysis was conducted using Statistical 
Parametric Mapping [32], version 8 (2009, Wellcome Department of Cognitive Neurology, 
London, UK: http://www.fil.ion.ucl.ac.uk/spm). Preprocessing with SPM included 
realignment, coregistration with the high-resolution T1 anatomical image, normalization 
to the Echo Planar Image (EPI) of the Montreal Neurological Institute (MNI) brain and 
smoothing with a Gaussian filter of eight mm full width at half maximum (FWHM).
Cerebral activations were rendered onto the standard MNI brain. All five experimental 
conditions were modeled in a block design at subject level for statistical analysis of regional 
differences in cerebral activations, in which the baseline (rest) condition with the fixation 
cross was implicitly modeled. We included regressors describing head motion. These included 
three rotational and three linear movement parameters together with their quadratic, as well 
as the derivatives of these computations. After that, the subject-level contrasts were analyzed 
at group level using one-way repeated measurements ANOVA (random effect analysis). 
Minc and Vinc were each contrasted to VMcon and VMconSz, as well as to each other, while 
the two congruent conditions were also compared with each other. The resulting set of voxel 
values for the assessed contrasts constituted the associated SPM of the t-statistics (SPM <T>) 
and were thresholded at initial voxel response height p < 0.001 with extent threshold k = 8 
voxels. Resulting clusters of increased activation were considered statistically significant 
at cluster-level p < 0.05, corrected for the entire brain volume (FDR-corrected). In order to 
provide optimal insight in the coherent data set obtained from the various conditions, the 
Figure 1. Experimental paradigm, consisting of five different task conditions and one baseline condition. 
The conditions were presented in a pseudorandomized order. The entire experiment consisted of eight 
different blocks, divided over two runs. Each condition was thus presented 24 times.
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results are displayed at p < 0.001 uncorrected voxel-level significance in the figures, while 
the corresponding cluster-level corrected activations are reported in the tables.
results
Relative to the baseline of viewing the central fixation cross, the patterns of cerebral 
activations related to the five visuomotor conditions were robust with considerable overlap 
(Fig. 2). Common activations included the left primary sensorimotor cortex, bilateral 
superior and inferior parietal cortex as well as premotor regions, both PMd and PMv. In the 
left hemisphere, additional cortical activations were seen in the middle segment of the insula 
[x-40, y-2, z8] and the parietal operculum [x-48, y-24, z20]. Common subcortical activations 
included the posterior segment of the left putamen, extending into the pallidum towards the 
left thalamus [x-16, y-18, z-6]. In the cerebellum, activations were seen in the right anterior 
and bilateral posterior lobes. 
A first impression of differences between the experimental conditions, inferred from the 
comparison with baseline, concerned activation of the right dorsolateral prefrontal cortex 
(dlPFC) which was only observed during Minc and, although to a lesser extent, Vinc. The 
absence of this prefrontal and additional activations in the Mm condition suggested that a 
working memory component was balanced among the experimental conditions (Fig. 2E). 
This was further underscored by the fact that no Mm-related activation increase was seen 
7
Figure 2. Task-related cerebral activations compared to baseline. (A) VMcon, (B) VMconSz, (C) Vinc, 
(D) Minc, (E) Mm. The presented activations resulted from analyses using a statistical threshold of 
p < 0.001 uncorrected, with an extended voxel threshold (k) of 8 voxels. Clusters are rendered onto 
the surface of a standard anatomical brain volume (Montreal Neurological Institute, MNI). The color 
bars represent T-values. VMcon = visuomotor congruence, VMconSz =visuomotor congruence with 
different sizes, Vinc = visual incongruence, Minc = motor incongruence, Mm = motor memory. 1 = 
lateral occipital cortex, 2 = dorsal premotor cortex, 3 = ventral premotor cortex.
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in the dlPFC and inferior parietal cortex when Mm was contrasted with Vinc and Minc, 
respectively. The visuomotor congruity tasks VMcon and VMconSz showed additional 
activations that were more widely spread over the occipital cortex. In this, VMcon was the 
only condition with activation of the lateral occipital cortex (LOC).
Visuomotor incongruity compared with congruity
An initial comparison of the two incongruity tasks Minc and Vinc with the congruity tasks 
VMcon and VMconSz revealed significant activations (p < 0.05, FWE corrected for the entire 
brain volume) on the lateral surface of the inferior parietal cortex, bilaterally, the middle 
frontal gyrus (dlPFC), predominantly in the right hemisphere, the right frontal operculum 
extending into the right anterior insula and the right pre-SMA/dorsal anterior cingulate 
cortex (dACC) (Fig. 3A). As will be shown by the following comparisons, effects in e.g. 
the inferior parietal and dorsolateral prefrontal regions were generally stronger in Minc than 
in Vinc. Moreover, in the two congruity tasks, variance in size (VMconSz) appeared to be a 
characteristic parameter that was also associated with increased responses in these parietal-
prefrontal regions, relative to VMcon. 
Minc contrasted to VMcon showed a pattern that included the activations described for 
common incongruity in the previous paragraph. In addition, increased activations were seen 
in the PMv bilaterally, the rostral segment of the right PMd and the anterior insula on the left 
side (Fig. 3B). The right frontal operculum activation identified in general incongruity, now 
not only extended into the right anterior insula but also over the lateral aspect of the inferior 
frontal gyrus towards the PMv. Finally, a significant cluster was seen in the left posterior part 
of the cerebellum. Coordinates of significant activations (p < 0.05, FDR cluster-corrected) 
are reported in Table 1. 
When contrasted to VMconSz, the Minc-related activations in the left hemisphere disappeared, 
pointing at the important effect of changing size with maintained visuomotor congruity. The 
latter will be elaborated later. The activation increases that resulted from this comparison 
now only reached statistical significance (p < 0.05, FDR cluster-corrected) in the inferior 
parietal cortex, rostral PMd and dlPFC of the right hemisphere (Fig. 3B, Table 1). At relaxed 
threshold, increased right pre-SMA activation related to Minc [x8, y22, z48] (T = 4.0, p = 
0.15, FDR cluster-corrected) was found (Fig. 3B). The more specific involvement of these 
right hemisphere regions in Minc is further illustrated by the profile of plotted condition 
effects in these regions (Figs. 4 and 5A). 
While Minc was designed to identify ‘action’ dominance in solving visuomotor incongruity, 
Vinc was considered to emphasize ‘perceptual’ dominance by keeping the size of the drawn 
picture identical to the initial example while the size of the subsequent examples varied. 
Although the pattern of activations related to Vinc showed a resemblance with that of Minc, 
either compared to VMcon or to VMconSz, characteristic differences were present. Within the 
right dlPFC cluster, the Vinc-related focus of maximum activation was located more anterior 
than the Minc-related maximum, while the inferior parietal maximum was at a more ventral 
position (Fig. 3B, Table 2). At this ventral location, the Vinc-related activation remained at 
the parietal surface, while the activation pattern related to Minc followed the postcentral 
sulcus into the horizontal limb of the intraparietal sulcus (Fig. 5AB). No increased PMv 
activation was seen in Vinc compared to the congruity tasks. On the contrary, PMv activation 
was even stronger in VMconSz than in Vinc (Fig. 4).
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Figure 3. Cerebral activations revealed by contrasting the various conditions. (A) Incongruity versus 
congruity (Minc and Vinc contrasted with VMconSz and VMcon, (B) Minc and Vinc contrasted 
with VMcon and VMconSz, respectively, (C) Comparison between the incongruent conditions, (D) 
Comparison between the congruent conditions. The presented activations in (A) resulted from analyses 
using a statistical threshold of p < 0.05, FWE corrected, with an extended voxel threshold (k) of 8 
voxels. For the other comparisons, all activations that resulted from a statistical threshold of p < 0.001 
uncorrected (with k of 8 voxels) are displayed. Clusters are rendered onto the surface of a standard 
anatomical brain volume (Montreal Neurological Institute, MNI). The color bars represent T-values. 
Coordinates and T-values of significant activations after cluster-level correction are reported in Table 








x y z T value x y z T value
Minc vs. VMcon
Middle frontal gyrus (45) -42 44 8 5.2 46 42 18 8.8
-40 40 22 5.0 46 32 28 8.5
Pre-SMA/anterior cingulate (8) 8 24 44 7.7
PMd (6) 26 8 52 5.4
PMv (6) -44 2 28 5.3 48 6 24 7.5
Anterior insula (47) -36 18 -4 5.1 36 24 -8 5.9
Inferior parietal cortex (40) -52 -48 54 5.0 54 -46 54 8.7
-52 -40 44 4.2 44 -46 42 7.8
Cerebellum -36 -68 -42 5.2
Minc vs. VMconSz
Middle frontal gyrus (45) 46 32 28 5.8
46 42 18 5.1
34 46 10 4.2
PMd (6) 24 8 50 4.6
Inferior parietal cortex (40) 54 -48 54 5.7
44 -50 42 5.1
Minc vs. Vinc
Middle frontal gyrus (45) 50 32 28 5.3
46 42 18 4.9
Pre-SMA/anterior cingulate (8) 8 20 48 4.1*
PMd (6) -22 0 54 5.5 28 4 52 6.5
PMv (6) -46 4 30 4.7* 48 6 22 5.1
Superior parietal cortex (7) -20 -68 54 5.4 20 -72 62 6.6
-24 -72 42 5.3
Inferior parietal cortex (40) -40 -40 42 5.8 42 -42 44 6.3
30 -46 44 6.3
Cerebellum -36 -64 -38 3.9*
The MNI-coordinates and T-values of local maxima within significant clusters are reported. Initial 
threshold was set at voxel-level p < 0.001 uncorrected, with an extended voxel threshold (k) of 8 voxels. 
Clusters that survived correction for the whole brain volume (p < 0.05, FDR-corrected) were considered 
statistically significant. In addition, we report regions (*) that reached an uncorrected cluster-level 
significance (p < 0.05). Positive x, y and z coordinates indicate respectively coordinates right, anterior 
and superior of the middle of the anterior commissure. BA = Brodmann area.
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Figure 4. Effects of interest at foci of maximum activation relevant to size scaling. Contrast estimates 
are given with 90% confidence intervals. The regions of activation are reported in Tables 1 and 2, only 
LOC is listed in Table 3. Positive co-ordinate values for (x, y, z) refer to respectively superior, right and 
anterior positions (in mm) to the middle of the anterior commissure.
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Comparisons between motor and visual incongruity
A direct comparison of Minc and Vinc underscored the bilateral involvement of the rostral 
PMd and PMv in specifically Minc, as well as the dorsal-ventral dissociation in the inferior 
parietal activations related to Minc and Vinc, respectively (Fig. 3C, Table 1). Activations in 
the anterior insula were balanced. Actually, particularly the right anterior insula was one of 
the two regions that showed the same magnitude of increase in Minc and Vinc relative to 
the other conditions (Fig. 4). The most superior part of the right pre-SMA cluster, extending 
over the dorsal aspect of the superior frontal gyrus [x14, y10, z64] had a similar profile (Fig. 
5A). The comparison of Vinc with Minc further revealed bilateral activation increases at the 
temporoparietal junction, involving the angular and supramarginal gyri. This pattern spread 
along the middle temporal gyrus towards the temporal poles (Fig. 3C), although the left 
temporal pole cluster did not reach corrected cluster-level significance [x-48, y-6, z-36] (p = 
0.27). Given (i) the profile of negative effect sizes in these ventral parietal-temporal regions, 
mimicking that of the left inferior parietal cortex (Fig. 4), and (ii) the absence of activation 
increases in Vinc contrasted to baseline, provides an argument to infer that these cortical 
regions were particularly characterized by a relative reduction of activation in the visuomotor 
tasks, which was less pronounced in Vinc. 
Visuomotor congruity with variable size
Although the two congruity conditions primarily served as controls for the incongruity tasks, 
the effects of size variation and size constancy in the congruity tasks provided important 
information. Using VMconSz as control task for Minc already indicated the common 
involvement of the left frontal and inferior parietal cortex in these conditions. For the right 
hemisphere, dlPFC and inferior parietal activations related to Minc were unmistakably 
increased compared to the other conditions, including VMconSz (Fig. 4). However, 
VMconSz-related activations in these regions were significantly stronger (p < 0.05, FDR 
cluster-corrected) than in VMcon (Figs. 3D and 4, Table 3). This was similarly the case for 








x y z T value x y z T value
Vinc vs. VMcon
Middle frontal gyrus (45) -34 46 10 5.3 38 52 16 6.1
Pre-SMA/anterior cingulate (8) 10 24 44 4.6
14 10 64 4.4
Anterior insula (47) -38 18 -6 4.2 48 14 4 6.6
Inferior parietal cortex (40) -58 -52 46 7.1 64 -42 44 7.3
Corpus callosum -18 -44 16 5.5 20 -42 16 4.4
-8 -24 28 5.0 8 -24 26 4.3
Vinc vs. VMconSz
Middle frontal gyrus (45) 30 52 34 4.9
Inferior parietal cortex (40) -60 -52 42 6.7 62 -50 42 6.0
Corpus callosum -26 -50 18 4.6*
Vinc vs. Minc
Middle frontal gyrus (45) -36 24 44 4.8
Inferior frontal gyrus (47) -30 34 -14 5.4*
Superior frontal gyrus (9) -12 48 38 4.6
Inferior parietal cortex (40) -54 -60 32 7.7 60 -64 20 6.3
Corpus callosum -8 -18 30 5.7 36 -50 6 5.0
Middle temporal gyrus (21) -60 -20 -14 5.3
Temporal pole (20) 46 2 -38 4.4
Cerebellum 38 -84 -40 4.9
The MNI-coordinates and T-values of local maxima within significant clusters are reported. Initial 
threshold was set at voxel-level p < 0.001 uncorrected, with an extended voxel threshold (k) of 8 voxels. 
Clusters that survived correction for the whole brain volume (p < 0.05, FDR-corrected) were considered 
statistically significant. In addition, we report regions (*) that reached an uncorrected cluster-level 
significance (p < 0.05). Positive x, y and z coordinates indicate respectively coordinates right, anterior 
and superior of the middle of the anterior commissure.
anterior insula (Fig. 3D), these clusters did not reach corrected cluster-level significance: 
right insula [x38, y26, z-8] (p = 0.15, FDR cluster-corrected) and left insula [x-34, y24, z-2] 
(p = 0.14). A most characteristic profile of increased activations was seen in the left PMv 
with effect sizes that were the same in those conditions that included variation in the size of 
drawing (Fig. 4), relative to VMcon and Vinc in which the size of the drawn pictures was the 
same.
While in both VMcon and VMconSz drawing fully matched the visual template, VMcon 
contrasted to VMconSz particularly represented size constancy in the congruent tasks. 
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This comparison revealed a bilateral pattern of increased activations comprising lateral and 
dorsolateral extrastriate visual and superior parietal cortical regions (Fig. 3D). The activation 
in LOC, with dominance in the left hemisphere, was highly specific for VMcon (Figs. 2,4). 
This contrast further showed VMcon-related activation in the left PMd. Although the right 
PMd was also identified at the initial threshold of p < 0.001 voxel-level uncorrected (Fig. 
3D), this activation did not reach statistical significance at cluster-level [x24, y-10, z60] 
(p = 0.20). Furthermore, significant right cerebellum activation was seen. Coordinates of 
significant activations are further specified in Table 3.
Functional differentiation within the PMd
Contrasted to baseline, all five visuomotor tasks resulted in bilateral PMd activations, of 
which the right (ipsilateral) clusters optimally demonstrated that the focus of maximum 
activation was located just posterior to the vertical traversing the anterior commissure (Figs. 
Figure 5. (A) Regional differentiation within the dorsal premotor cortex. Contrast estimates with 
90% confidence intervals are plotted for the indicated foci of maximum activation. (B) Regional 
differentiation within the inferior parietal cortex for Minc and Vinc. Regional cerebral activations (p < 
0.001 voxel-level uncorrected, extended voxel threshold (k) 8) are projected on transversal sections of 
a standard anatomical brain (MNI). The z coordinate indicates the distance to the plane traversing the 
anterior-posterior commissures in mm. The right side corresponds to the right side of the brain. Positive 
co-ordinate values for x and y refer to respectively right and anterior positions (mm) to the middle 
of the anterior commissure. The color bars represent T-values. Coordinates of the displayed regional 
activations that reached statistical significance after cluster-level correction are reported in Tables 1 and 








x y z T value x y z T value
VMconSz vs. VMcon
Middle frontal gyrus (45) -42 42 8 4.2 48 42 18 5.2
Pre-SMA/anterior cingulate (8) 8 24 44 5.0
PMv (6) -44 4 30 4.6 48 6 24 5.1
Inferior parietal cortex (40) 52 -34 58 5.0
46 -40 42 4.5
Cuneus (18) 4 -94 20 4.9
VMcon vs. VMconSz
PMd (6) -24 -10 54 4.9
Superior parietal cortex (7) -22 -56 58 7.3 24 -62 62 5.4
-20 -76 48 5.2
Precuneus (7) 6 -54 46 4.3
Dorsolateral visual cortex (18) -30 -90 16 5.7 32 -92 20 6.9
Lateral occipital cortex (19) -50 -74 -2 5.8 50 -74 -4 4.3
Middle temporal gyrus (21) 44 -46 12 4.0*
Cerebellum 6 -64 -22 4.1
MNI-coordinates and T-values of local maxima within significant clusters are reported. Initial threshold 
was set at voxel-level p < 0.001 uncorrected, with an extended voxel threshold (k) of 8 voxels. Clusters 
that survived correction for the whole brain volume (p < 0.05, FDR-corrected) were considered 
statistically significant. In addition, we report regions (*) that reached an uncorrected cluster-level 
significance (p < 0.05). Positive x, y and z coordinates indicate respectively coordinates right, anterior 
and superior of the middle of the anterior commissure.
2,5A). Subsequent comparisons between these visuomotor conditions showed that Minc was 
related with activation increases in the rostral segments of the PMd, particularly in the right 
hemisphere (Fig. 5A). Contrasted to Vinc, this rostral extension was bilateral. As reported 
above, Vinc contrasted to VMcon showed an increase in activation of the superior extension 
of the pre-SMA over the dorsal surface of the right superior frontal gyrus [x14, y10, z64] 
reaching the superior part of the rostral PMd (Fig. 5A). At this location, responses related to 
Vinc were similar to that of Minc.
dIscussIon
The main aim of the present study was to dissociate motor and perceptual components 
in cerebral circuitry dealing with incongruity between the sizes of presented and drawn 
figures. These fundamental aspects of object size in both perception and performance 
were addressed in order to gain further insight in the way the brain organizes visuomotor 
transformations implicated in visually guided grasping movement. We were indeed able to 
demonstrate such dissociation that was, however, of a more complex nature than expected. 
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Right-hemisphere activations distributed over the inferior parietal cortex, dlPFC, pre-SMA/
anterior cingulate and frontal operculum/anterior insula were consistently associated with 
the two incongruity conditions, although generally stronger in Minc than in Vinc, while 
contrasting the two congruity (control) conditions to each other also revealed characteristic 
differences in activation. E.g., right inferior parietal, bilateral dlPFC and left PMv activations 
were increased when the size of presented and drawn figures similarly varied, while copying 
figures with invariable size showed a characteristic pattern of activations comprising lateral 
and dorsolateral extrastriate visual areas, superior parietal cortex and caudal segments 
of the PMd, representing classical nodes in a dorsal visual pathway. As activation of the 
rostral extension of the right PMd (pre-PMd) was seen in Minc, this indicated a functional 
dissociation between rostral and caudal segments of the PMd associated with different 
levels of visuomotor complexity. The unique profile of left PMv activations with similar 
increase in all conditions characterized by variable size of drawing, irrespective congruity or 
incongruity with the presented figures, further underscored the importance of size itself as a 
basic parameter in cerebral processing underlying visuomotor transformations.
Multiple processing steps in visuomotor incongruity of size
Although specificity and local response magnitudes varied, the pattern of activations that 
was generally associated with the incongruity conditions comprised the inferior parietal 
cortex, dlPFC, pre-PMd, pre-SMA/anterior cingulate and frontal operculum/anterior insula, 
with a right-hemisphere dominance. While our previous functional imaging study on 
visuomotor incongruity between (one-dimensional) axial orientations demonstrated crucial 
involvement of the PMd and superior parietal cortex [24], now rostral PMd activation was 
seen together with activations in more ventral frontoparietal circuitry. This need not be at 
odds with each other. A combination of PMd – postero-superior parietal activations together 
with a pattern of dlPFC, inferior parietal, anterior insula and pre-SMA activations has been 
demonstrated by Cieslik and co-workers using a stimulus-response paradigm with 200 ms 
visual hemifield stimuli followed by motor responses of either the ipsilateral (congruent) 
or contralateral (incongruent) hand [33]. They argued that the dorsal parietal-premotor 
regions were implicated in both bottom-up and top-down processing while the ventral 
frontoparietal activations reflected top-down control mechanisms mediating contextual task 
demands. Similarly, a distinction between inferior and superior parietal functions has been 
described concerning action planning and –control, respectively [34]. Consistent with these 
explanations, particularly the inferior parietal and dlPFC activations in our study indicate 
that solving visuomotor incongruity concerning figure size implies a planning complexity 
requiring more intermediate processing steps than needed for solving incongruent axial 
orientations. The dlPFC and inferior parietal cortex play central roles in cognitive functions 
such as working memory, attention shifting and response inhibition [35-38], which provides 
an argument to assume common neuronal mechanisms implicated in visuomotor incongruity 
and these cognitive functions. The general involvement of these two regions in functions with 
increased complexity may be based on the fact that temporally sustained activity in dlPFC 
– inferior parietal circuitry provides a functional interface facilitating other brain regions to 
guide attention, spatial memory and motor planning [38].
Conditions Mm and Vinc required that the initially observed instruction figure had to be kept 
in working memory. In Minc, however, the right inferior parietal and dlPFC activations were 
even stronger than in Mm and Vinc. Considering involvement of these regions in working 




in Minc while other cognitive functions might additionally be involved. The involvement of 
covert working memory would fit the model of visuomotor transformations according which 
visual information is not directly aligned with a coordinate frame for motor planning, but that 
visual and motor coordinate frames are separately matched onto an internal frame of reference 
[24,39]. This multiplicity provides the argument to propose that in Minc, the condition in 
which actually presented figures were used to make copies with another size, visuomotor 
transformation is mediated by the cerebral construction of a ‘resized’ virtual template to serve 
drawing the instructed size. In this, covert working memory holds the resized template online 
while the observed figure still provides feature details during drawing. This model of an 
internal resized template further illustrates that incongruity of object size concerns a higher 
level of complexity than visuomotor incongruity between basic line orientations. In both, 
a distinction between perceptual and motor alignment with an internal coordinate system 
is plausible. However, for visuomotor transformations with incongruent (one-dimensional) 
linear orientations, without the intermediate processing steps of step-wise matching with a 
virtual object template, the dissociation between perceptual and motor alignments is achieved 
within the most dorsal pathway directly interconnecting posterior superior parietal regions 
and the PMd [24]. 
Attention dynamics and inhibitory control
In the previous paragraphs, emphasis was laid on explaining the coherent right inferior 
parietal and dlPFC activations. In addition, right-hemisphere activations in pre-SMA / 
anterior cingulate and the anterior insula were consistently seen in Minc and Vinc. While a 
general involvement of these cortical regions in attention processes and inhibitory control 
has been described for all four regions, strong functional connections between particularly 
the anterior insula and the dACC have been described, dissociated from a dlPFC – parietal 
network [40-42]. In this respect, the latter might serve as a spatial workspace, facilitating 
anterior insula – pre-SMA/dACC circuitry to exert functions of attention and inhibition to 
solve visuomotor incongruity in our tasks. A functional distinction that would be consistent 
with the above quoted model of Ikkai and Curtis [38]. 
An argument supporting functional coherence between particularly the pre-SMA and anterior 
insula in our results may be inferred from the fact that the right anterior insula and the most 
dorsal aspect of the right pre-SMA were the only regions that showed a common activation 
increase in Minc and Vinc relative to all other conditions. While incongruity of size between 
the observed figures and (unseen) drawings implied an inhibitory mechanism avoiding an 
identical copy, image characteristics did serve construction of the same shape. The latter 
points at a complex balance of ‘attention shifting’ to both the details of the presented figure 
and the internal template for resized drawing. Involvement of the anterior insula in such 
attention dynamics at a short time scale, i.e. recruiting shape details and inhibiting presented 
size characteristics, seems consistent with its described role in early-stage perceptual decision 
making [43]. A similar role of particularly the right anterior insula in ‘divided’ attention 
has been described during temporal incongruence between visual and auditory stimuli that 
normally occur synchronously, representing increased perceptual effort to discern small 
visuo-auditory intervals [44]. In this, Bushara and co-workers pointed at short-latency 
connections that might particularly enable the insula to mediate early-stage multimodal 
cortical processing. These characteristics may provide a cue explaining its involvement 
in a wide range of functions concerning multimodal integration at a basic level, alertness, 
saliency detection and attention [43,45-52].
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In the previous paragraph we pointed at the coherence between pre-SMA and anterior insula 
activations in our results. In this, pre-SMA activations included parts of the adjacent dACC. 
The dACC has been strongly implicated in cognitive control of general conflicting conditions, 
often together with the anterior insula [53-57]. As incongruity of size between the presented 
pictures and the instructed drawing may be considered to reflect a ‘spatial conflict’, the right 
pre-SMA / dACC involvement in our study is consistent with the described contribution to 
conflict monitoring as well as inhibitory control concerning subsequent responses. Regarding 
the latter, ACC activation related to incongruity adjustments has been associated with 
increased right dlPFC activity [58], further supporting the above described network function 
of the right anterior insula, pre-SMA / dACC and right dlPFC in our study.
Dissociation of perceptual and executional components in visuomotor incongruity
One of the main aims of this study was to dissociate the visual and motor components in 
dealing with visuomotor incongruity. We found that the motor component dominated the 
pattern of incongruity-related activations. Although directly contrasting Minc and Vinc 
showed a segregation between dorsal parietal and ventral parieto-temporal activations, 
the profile of their effect sizes demonstrated that the Vinc-related temporal increase was 
particularly due to the absence of relative decreases that were present in the other conditions. 
This is consistent with the absence of temporal cortex activations in Vinc when contrasted to 
the baseline conditions of passively viewing the central fixation cross. On the other hand, the 
association between Vinc and temporal activations, which suggests involvement of the ventral 
visual pathway [9,59], would be consistent with an enhanced demand on visuoperceptual 
processing in the condition with variation in size of the presented pictures. 
While the Vinc-related parietal activation was centered at the surface of the temporo-parietal 
junction, Minc was related with both postero-superior and antero-inferior parietal activation 
increases compared to Vinc. The antero-inferior parietal activation followed the ascending 
limb of the intraparietal sulcus, i.e. the post-central sulcus, which suggests a specific association 
with somatosensory processing, particularly proprioception [60-63]. Complementary to 
the enhanced visuoperceptual demand in Vinc, an increased proprioceptive demand may 
indeed be assumed in Minc. Without visual feedback, motor performance relies stronger on 
proprioceptive information. Although visual feedback was absent in all conditions of our 
experiment, the size variation of drawing in Minc, not matching the size of the presented 
figures, apparently poses an enhanced demand on proprioceptive processing. 
The combination of Minc-related activations in the superior parietal cortex, along the 
posterior segment of the intraparietal sulcus, and in the PMd demonstrated that this classical 
dorsal visuomotor pathway was dominated by the executional component of visuomotor 
incongruity. This increase of PMd activation in Minc, compared to Vinc, concerned both 
hemispheres; we did not see the hypothesized dissociation between Minc and Vinc based 
on opposite effects in the two hemispheres. Particularly the rostral PMd segment in the 
right hemisphere showed a consistent increase of activation in Minc compared to all other 
conditions. A common finding in Minc and the other tasks was the robust bilateral PMd 
activation with a maximum at a more posterior location. This rostro-caudal distinction is 
consistent with a demarcation between pre-PMd (F7) and PMd (F2), implicated in higher-
level and basic visuomotor functions, respectively [64-68]. 
Activation related to drawing with variable sizes




similar increases of activation occurred in this cortical region during all conditions that required 
drawing with variable sizes, irrespective congruence or incongruence with the example figure. 
Such a relation between left PMv activation and ‘size execution’ suggests similarity with its 
contribution to grasping movements [69]. In this, fine-tuned finger movements need to match 
the shape and size of an object reached for [70]. Recruitment of neuronal activity in the PMv, 
not only during motor preparation but also by object observation [71] and watching the act 
of grasping by others [72], underscores the solid embedding of this region in a wide range of 
functions supporting prehension. The association of our PMv activation with particularly the 
variation in size of drawing points at the executional aspect of these tasks while, in contrast, 
repeatedly drawing the same size does not pose the executional demand of continuous size 
adaptation. The PMv contribution to such performance with scaling size other than in actual 
grasping movements provides support for the idea that size is a basic parameter in motor 
control. The profile of activation seen in the left PMv was not found in the left antero-inferior 
parietal cortex (anterior intraparietal sulcus (AIP)). As the PMv and AIP often exhibit similar 
contributions to visually guided grasping [1], important differences have been recognized 
too. Concerning the recordings from motor-dominant neurons, the parietal cortex appears to 
be stronger involved in the entire hand action, while PMv neurons are more commonly active 
during a restricted segment of the action [70]. The exclusive involvement of the left PMv in 
drawing with variable sizes may thus add an argument to the executional character of this 
PMv size function.
Size Constancy
While activation increases in the two incongruity conditions (compared to the congruity tasks) 
logically represented increased complexity of visuomotor control, the unexpected differences 
between the two congruity tasks point at basic aspects of visual and visuomotor processing 
concerning size and shape. In the previous paragraph, we treated the unique contribution of 
the left PMv to drawing variable sizes regardless of the task. In a complementary fashion, the 
response profile of the extrastriate visual cortex area LOC demonstrated that this region was 
exclusively activated when various figures with the same size were copied (VMcon). This 
bilateral activation occurred together with activation of the classical dorsal visual pathway 
comprising dorsolateral visual and superior parietal cortex as well as the left PMd, identified 
by contrasting VMcon to the congruity condition in which variably sized figures had to be 
copied (VMconSz). Visual cortex area LOC plays a central role in general object recognition 
[10,12,73]. In contrast to e.g. the fusiform face area, its role is not restricted to a distinct 
category of objects. Although the size of perceived objects has been described to have an 
effect on LOC activation, distinguishing specific objects irrespective their size induces a 
more robust effect in LOC [74,75]. Its activation in only VMcon thus suggests that size 
constancy of the various presented figures in this condition provided a strong cue to evoke 
LOC responses, efficiently fuelling object information into the dorsal visuomotor pathway 
[76]. The absence of LOC activation in VMconSz, in which the same figures were presented 
but with variable extensions in the visual field, suggests that the neuronal inference of ‘shape’ 
from these retinal images may be less self-evident than subjectively perceived. Indeed, a 
variable size of the same figure shape implies different distributions of lines and angles over 
the retina. One may speculate that reordering such image elements in copying the observed 
figures represents an enhanced complexity of visuomotor transformation (relative to invariant 
size copying), requiring circuitry comprising the inferior parietal cortex, dlPFC and PMv. 
It thus appears plausible to propose a segregation between visuomotor pathways mediating 
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invariant and variable object size. In this model, visuomotor transformations underlying 
congruent copying with constant size is channeled via visual area LOC to dorsal parietal-
premotor circuitry, while variable size copying is particularly embedded in ventral parietal-
premotor circuitry. A role of area LOC in maintaining size constancy is consistent with the 
observations that lesions in this region may lead to distorted size perception in the contralateral 
hemifield [77-79]. Size constancy in our experiment implied that the actual dimension of 
the presented figures and copied drawings did not change. In the literature, size constancy 
generally refers to the perceptual mechanism that the size attributed to an observed object 
remains the same despite the changed extension of its retinal representation depending on the 
distance of the perceived object [25]. Such constancy heavily relies on environmental cues 
concerning depth and distance and supports adequate grasping movements. This convergence 
of information about environmental space and object dimensions underscores the functional 
interactions between processing streams in dorsal and ventral parietal-premotor regions. 
Artificial manipulation of the perceived object-environment relation may induce illusionary 
disproportions of object size [25-27]. Coherent involvement of LOC and the superior parietal 
cortex in size constancy, which we demonstrated in the present experiment, has also been 
described in association with the illusionary change of object (line) size by environmental 
image manipulation [80]. Common activation of these two regions may thus provide support 
for equivalent neuronal mechanisms underlying actual and contextual size constancy. In a 
wider perspective, variance of size thus appears to particularly serve the flexible nature of 
grasping movements mediated by ventral parietal-premotor circuitry, while size constancy 
reflects the stability of objects in the context of surrounding space represented in a dorsal 
parietal-premotor network, which is a prerequisite for a purposeful action such as grasping. 
conclusIons
The patterns of task-related activations in the present study specified distinct characteristics 
of size emphasizing its role as an essential parameter in visuomotor control. Concerning 
size incongruity, we proposed a model describing a ‘resized’ virtual template simultaneously 
employed with the actual observation of details in the example figures, which provided a 
consistent explanation for the coherent involvement of right-dominant inferior parietal cortex, 
dlPFC, pre-SMA/anterior cingulate and frontal operculum/anterior insula, representing 
aspects of involved cognitive mechanisms such as spatial working memory, early-stage 
attention shifting and inhibitory control. The increase of left PMv activation in all tasks 
with variable sizes of drawing, either in congruent or incongruent copying, was attributed 
to a neuronal mechanism also involved in scaling grasping movement to the size of a target 
object. In a complementary fashion, our findings related to size constancy added insight in 
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Insights from the supplementary motor area 






The supplementary motor area (SMA) syndrome is a characteristic neurosurgical syndrome 
that can occur after unilateral resection of the SMA. Clinical symptoms may vary from none 
to a global akinesia, predominantly on the contralateral side, with preserved muscle strength 
and mutism. A remarkable feature is that these symptoms completely resolve within weeks 
to months, leaving only a disturbance in alternating bimanual movements. In this review we 
give an overview of the old and new insights from the SMA syndrome and extrapolate these 
findings to seemingly unrelated diseases and symptoms such as Parkinson’s disease (PD) 
and tics. Furthermore, we integrate findings from lesion, stimulation and functional imaging 
studies to provide insight in the motor function of the SMA.
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IntroductIon
The supplementary motor area (SMA) syndrome is a characteristic neurosurgical syndrome 
that may occur after unilateral resection of the SMA. The classical SMA syndrome, 
following unilateral resection of the SMA, is characterized by a global akinesia with normo- 
or hyporeflexia and a normal tonus, more profound on the contralesional side, while muscle 
strength can be preserved [1]. A remarkable feature is that the symptoms completely resolve 
within weeks to months, only leaving a disturbance in alternating bimanual movements as 
the remaining deficit [1]. 
The SMA and its function have been the subject of intensive study (see [2]). Here we 
specifically focus on the lessons learned from the clinically observed SMA syndrome, 
particularly the motor components. The origin of reflex abnormalities in the SMA syndrome 
has been described previously [3]. This review aims to integrate previous findings from lesion 
and stimulation studies in both monkeys and man with current lesion and neuroimaging 
studies in patients with an infarct or resection of the SMA. 
The SMA or SMA proper (Brodmann area 6) is localized in the posterior part of the superior 
frontal gyrus [4]. The cingulate sulcus and gyrus demarcate its inferior border. The posterior 
SMA border is constituted by the precentral sulcus separating it from the leg area of the 
primary motor cortex. The lateral and anterior borders are less clearly demarcated on macro-
anatomical criteria, although histochemical and cytoarchitectonic differences have been well 
described [5-7]. Functionally, the position of the SMA has been extensively characterized in 
a meta-analysis of 126 functional studies [8]. Anteriorly the SMA can be distinguished from 
the pre-SMA, roughly by using the vertical traversing the anterior commissure as a border 
[9]. The lateral borders are constituted by the dorsal premotor cortex in each hemisphere [8]. 
The SMA has a somatotopical organization, first described in monkeys [10,11], and later 
confirmed in humans [12-16]. It has been shown that the face, upper limbs and lower limbs 
are represented in an anteroposterior direction in the SMA. In the dominant hemisphere, 
language seems to be represented most anteriorly [15]. 
The SMA is an eloquent area with rich connections to both cortical and subcortical structures. 
About ten percent of the input from the corticospinal tracts originates in the SMA [10,17-20]. 
Furthermore, the SMA is strongly embedded in motor circuits through its connections with 
the primary motor cortex, premotor cortex and cingulate cortex [21]. There are connections 
with the superior parietal lobe, insula [21], basal ganglia [22-24], thalamus [25], cerebellum 
[24] and especially with the contralateral SMA (see Fig. 1) through the corpus callosum 
[26]. Recently, connectivity of the SMA has also been characterized with diffusion tensor 
imaging (DTI) with post-mortem dissection as a validation method [27]. Vergani et al. (2014) 
confirmed the recent notion that the SMA is also connected with the pars opercularis of the 
inferior frontal gyrus (Broca’s area) through the frontal aslant tract [27-29].
Since its initial recognition, the SMA syndrome has remained elusive. Although described 
earlier, Laplane et al. (1977) were the first to link the symptoms to a syndrome caused 
specifically by SMA removal [1]. By definition, sensory functions remain undisturbed. 
Reduced spontaneous speech may occur, predominantly described after resection of the SMA 
in the dominant hemisphere, though not exclusively [1,30,31]. Most often, strict lesions of 
the SMA do not result in a specific class of aphasia. Cases have been described of patients 
with unilateral resections of the SMA or an ischemic lesion that presented with mutism or 
reduced speech without signs of aphasia [30,32,33]. Transcortical motor aphasias have been 
described, but it is more plausible that these are the result of more extensive damage to the
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subcortical white matter [34]. Possibly, the frontal aslant tract is affected, which is more 
lateralized to the left hemisphere [27], explaining the more frequent occurrence of additional 
linguistic deficits after left SMA resections. Although it remains uncertain whether more 
anterior SMA resections can result in a specific aphasia, we will not further focus on that. In 
the weeks to months following resection of the SMA there is reduced movement and speech. 
This syndrome almost always completely resolves, although minor deficits in alternating 
movements of upper and lower limbs have been observed to remain [1]. Although a further 
parcellation into SMA and pre-SMA was proposed later [35], many cases of patients with 
a consistent symptomatology complex have been described [15,30-32,36-52], showing 
that 11–100% of the patients develop the SMA syndrome after unilateral resection of the 
SMA. Similar cases have been described, for example, in the context of infarction [53-55] or 
embolization of an arteriovenous malformation [56], having SMA involvement in common. 
In neurosurgical practice, presentation of the SMA syndrome after SMA removal may cause 
major concerns, due to the fear of possible corticospinal tract damage. Although symptoms 
can be mild and are transient, this syndrome is a significant burden in brain tumor patients 
that already have a shortened life expectancy. Fig. 2 shows a preoperative MRI scan of a 
patient that developed the SMA syndrome after resection of a tumor, with a template of the 
localization of the SMA projected on the healthy hemisphere [8]. 
In this article, we focus on the motor aspects of the SMA syndrome and what can be learned 
about the motor function of the SMA from this intriguing syndrome. We extrapolate these 
findings to seemingly unrelated diseases and symptoms such as Parkinson’s disease (PD) and 
tics. Combining these findings, we propose that the SMA is involved in both the initiation and 
suppression of movements, maintaining a tonic interhemispheric balance. 
Figure 1. 3D view of the probabilistic tractography between both SMA’s from a single healthy subject 
(made with FSL). The tractography result was transformed to Montreal Neurological Institute (MNI) 
space. This figure nicely illustrates that the SMA’s are densely interconnected through the corpus 
callosum.
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Cause of the SMA syndrome
A hallmark of the SMA syndrome that is always described is a severe neurological deficit 
of temporary nature; only subtle deficits are permanent. Although the precise mechanisms 
underlying the recovery after the initial deficit remain obscure, the syndrome provides useful 
insights in the functioning of the SMA. The occurrence of the different deficits of the SMA 
syndrome following resection is consistent with the somatotopical organization of the SMA 
[15,41] and the deficits are correlated with the extent of resection of functionally active 
SMA [32,40,41]. There is an association between neurological deficit and the distance from 
the resected area to the SMA [42], to the precentral sulcus [43,49] and the cingulate sulcus 
[49,51]. Also, an increased incidence of the SMA syndrome and the severity of symptoms is 
seen when the anteroposterior extent of resection is larger [31,37,40,49]. Russell and Kelly 
(2003) showed that both a resection larger than 90% and the presence of a low-grade glioma 
are associated with a higher incidence of the SMA syndrome [44]. They argued that residual 
function of the SMA is still present in patients harboring a low-grade glioma, while it is 
unlikely that the SMA syndrome develops in patients with high-grade gliomas, due to the 
absence of functional neural tissue inside these tumors [44]. A very intriguing finding was 
observed in a patient undergoing awake surgery during which the SMA syndrome occurred 
with a delay of half an hour after the resection [39]. The authors suggested that an initial 
Figure 2. Pre- and postoperative MRI scan of a 64-year-old patient with a diffuse astrocytoma 
(WHO grade II) in the left SMA. (A) Transversal and coronal T2-weighted FLAIR images, with an 
SMA template projected on the healthy hemisphere. The latter is freely available and derived from 
a large meta-analysis describing the location of the sensorimotor areas [8]. (B) Transversal images 
after gadolinium contrast from the same patient before (left lower corner) and three months after the 
operation (right lower corner). She had a complete motor loss on the right side after the operation, 
which quickly recovered. 8
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compensation of function is possible due to parallel networks or due to residual activity of 
an oscillatory loop that supports the execution of function but not its initiation [39]. The case 
of Duffau et al. (2001) provided new evidence about underlying mechanisms [39]. They 
made clear that it is highly unlikely that this syndrome is caused by venous thrombosis or 
postoperative edema, because symptoms presented too early for that [39]. A follow-up MRI 
showed no signs of ischemia or venous thrombosis. Edema is also unlikely because it takes 
weeks to months for the deficits to restore. Furthermore, as noted before, the SMA syndrome 
has also been described to result from other disease mechanisms such as following an infarct.
Mechanisms of recovery
Effort has been undertaken to understand the mechanisms underlying the recovery. 
Functional reorganization due to brain plasticity has been brought up in order to understand 
the temporary deficits. A lesion in the SMA leads to more activation of the contralateral SMA 
[57]. However, it is uncertain whether this reflects functional compensation or is merely the 
consequence of decreased transcallosal inhibition from the damaged hemisphere [58]. In 
patients with left dominant hemisphere lesions in language areas high-frequency repetitive 
transcranial magnetic stimulation (rTMS) over the right hemisphere disturbs language 
function in patients with left dominant hemisphere lesions in language areas, which shows 
that activation in the contralateral hemisphere truly represents function [59], rather than mere 
loss of transcallosal inhibition. Others have shown that a preoperative switch in activation 
to the contralateral healthy SMA is not sufficient to avoid the syndrome [46], but leads to 
a faster recovery [41]. This is supported by the fact that the SMA has strong connections 
with its contralateral counterpart [60] (see also Fig. 1). Others have raised that hemispheric 
dominance of the SMA might be important in predicting postoperative deficits [42], which 
could explain why not everyone develops the SMA syndrome after unilateral resection of the 
SMA. However, there is no substantial evidence that provides convincing support for this 
argument. A relation between the side of the resection and incidence of the syndrome has not 
been described. Postoperatively, the functional recruitment of the healthy SMA and premotor 
cortex seems to compensate for the resection of the SMA [41]. 
In summary, clinical deficits after resection of the SMA may vary from none to a global 
akinesia with mutism. On the one hand, this finding emphasizes the heterogeneity associated 
with lesion studies, particularly in cerebral infarcts, but also after resection of tumors that are 
not always completely restricted to the SMA. On the other hand, the heterogeneity in clinical 
symptoms after resections may be caused by variability in preoperative reorganization of 
function due to brain plasticity. 
It is evident that preoperative reorganization of cerebral function does not completely account 
for the recovery, because the reversibility of the SMA syndrome is also seen in patients 
with acute lesions such as an infarct or patients that undergo surgery for epilepsy [45,49]. 
It is plausible that the patient population with slow growing lesions and subsequent acute 
surgical lesion have a tendency to recover faster due to preoperative reorganization [61], 
although this is yet to be proven for the SMA syndrome. Another possibility is an additional 
functional distortion of the SMA due to the mass effect of tumors. A resection alleviates this 
compression, which uncovers residual function of the affected SMA (if any). 
Bimanual movement patterns
It is remarkable that although the other more striking deficits of the SMA syndrome 
completely resolve, difficulties in alternating bimanual movements persist. We focus on 
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bimanual alternating movements here, because this impairment is well described in patients 
with the SMA syndrome. Disturbed alternating movements of the lower limbs have also been 
described [1], but most of the time lower limb function is not documented. Although SMA 
lesions in monkeys do not result in the typical SMA syndrome as seen in humans [62], these 
primates do have deficits in bimanual coordination [63]. The bimanual coordination deficit 
after unilateral lesioning of the SMA (and most likely also including the pre-SMA at that time) 
was resolved after callosal sectioning, suggesting that the intact SMA influenced the motor 
program for both hands [64]. Brinkman (1984) even described a monkey that behaved as 
having two preferred hands after resection of the non-dominant SMA and subsequent callosal 
section [64]. A persistent disturbance in bimanual alternating movements has also consistently 
been described in patients with the SMA syndrome [1], during which the hand contralateral 
to the lesion is the one that seems to be at fault [30]. This is possibly the result of the fact that 
alternating bimanual movements are cognitively more demanding than mirror movements. 
There is a preference for simultaneous rather than alternating bimanual movements with 
increasing frequency of movements [65,66]. Such simultaneous movements are more stable 
and performed more accurately [67-70]. 5 Hz rTMS of the SMA causes a disturbance in both 
in- and anti-phase movements, although the latter is more evidently disturbed [71]. There is 
ample evidence of enhanced SMA activation during anti-phase movements [70,72-82] and 
this does not seem to be restricted to the bimanual character of anti-phase movements [83]. 
The SMA is definitely neither the sole contributor nor specific for bimanual coordination 
[84-87] (see also [88] for a review), but the SMA syndrome provides evidence that bilateral 
functioning of the SMA is a requirement for anti-phase movements. Only for anti-phase 
movements there is a difficult balance between initiation of the motor task and contralateral 
suppression [68]. A bilateral contribution of the SMA to bimanual coordination has also been 
shown by direct stimulation during surgery [47]. It has been hypothesized that the opposite 
SMA rapidly takes over the motor function for both sides of the body [47]. However, for the 
execution of bimanual alternating movements function of both SMA’s is necessary. In the last 
paragraph we will return to the issue why particularly a disturbance in alternating bimanual 
movements persists in the SMA syndrome.
Comparison with impaired/altered SMA function in Parkinson’s disease and tics
Although PD is a chronic deteriorating disease and the SMA syndrome is acute, some parallels 
can be seen between these disorders. PD is caused by a loss of dopaminergic neurons in the 
pars compacta of the substantia nigra [89]. At the cortical level, decreased activity of the 
SMA has been well recognized [90-92], which can be improved with deep brain stimulation 
of the subthalamic nucleus [93] or treatment with levodopa [94,95]. Similarly, treatment with 
apomorphine causes an improvement in the impaired activation of the SMA [96]. Thus, the 
reduced output from the basal ganglia in PD most likely leads to a functionally impaired 
SMA that can be improved with conventional treatment methods. This is consistent with the 
observed decrease in the “Bereitshaftspotential” that occurs in PD, further supporting the 
concept that disturbed SMA functioning leads to a deficit in voluntary movements [2]. The 
Bereitshafspotential has been shown to increase prior to sequential movements [97]. 
As in the SMA syndrome, patients with PD show a disturbance in the performance of 
alternating movements [98-100]. Moreover, patients with PD can perform normal in-phase 
movements, while they are specifically less proficient in bimanual anti-phase movements 
[82,101-105], which is accompanied by decreased SMA and basal ganglia activation 




Patients with the SMA syndrome are able to perform normal movements when strongly 
encouraged to do so [1]. This very interesting finding suggests that a different circuit may 
take over the role of the SMA. Such circuitry might similarly be expected to compensate 
for the disturbed functioning of the SMA in patients with PD. Bilateral extirpation of the 
SMA in monkeys leads to akinesia, without deficits in movement time, reaction time, or 
motivation [107]. However, subsequent experiments showed that the monkeys are impaired 
in the execution of appropriate movements only in the absence of external cues [107]. The 
monkeys are able to restore from this deficit, for which the lateral premotor cortex is possibly 
accountable [107]. 
The SMA has been shown to be active during the selection of movements and word 
generation when there are no external cues, while the lateral premotor cortex is activated 
when there are cues [107,108]. On the other hand, neurons in the lateral premotor cortex 
can also respond to self-initiated tasks without external cues [109,110]. For patients with 
PD, akinetic starting difficulties can be resolved with external cues (kinesia paradoxa) 
[106]. Furthermore, micrographia in patients with PD can be temporarily improved upon 
encouragement [111,112]. Equivalent to the SMA syndrome, PD patients do not seem to 
have dysfunction of the lateral premotor cortex [90,113]. Patients with PD showed relatively 
decreased SMA activity during a sequential finger movement task, while there was increased 
activity in the lateral premotor cortex in both hemispheres [114]. Analogously, as mentioned 
in a previous paragraph, recruitment of the lateral premotor cortex was seen in the healthy 
hemisphere in patients after unilateral resection of the SMA. Such recruitment increased with 
the extent of tumor infiltration in the SMA [41]. 
Indeed, the pathophysiology underlying the SMA syndrome and PD are completely different. 
Nevertheless, the phenomenology can help in understanding the function of the SMA. For 
example, a patient has been described with a low-grade glioma in the left SMA that caused a 
Parkinsonian syndrome, characterized by akinesia, rigidity, a resting tremor and micrographia 
[115]. This lesion extended more inferiorly in the corpus callosum, but it does illustrate a 
common denominator in the SMA syndrome and PD [98]. 
Direct electrical stimulation of the SMA can lead to inhibition of movement or speech 
arrest, while it can also evoke movements, the urge to move or vocalizations [4,12,116]. 
Similarly, ictal speech arrest and vocalizations were seen in patients with SMA lesions 
[117,118]. From this perspective of opposite effects it is interesting to compare findings 
from the SMA syndrome with tics. Although the underlying pathophysiology is far from 
restricted to the SMA in patients with tics [119], there are some interesting similarities with 
the SMA syndrome. Tics, as part of the Tourette syndrome, can be considered as movements 
that escape voluntary control [120]. Typically they are preceded by a feeling of urge [121] 
and can be voluntarily suppressed to some extent. Patients with Tourette syndrome show an 
increased resting state activity in the SMA compared to healthy subjects [122]. There is a 
strong correlation in activation between the SMA and primary motor cortex during tics [123], 
while activation of the SMA is positively correlated with tic severity [124,125]. Moreover, 
the SMA is active before tic onset [126]. On the other hand, it is unclear whether the activity 
in the SMA is involved in tic generation or that it represents the effort of suppression of a tic. 
The SMA, together with a wider frontal network, is activated during the suppression of tics 
and is also more active during suppression of voluntary movements in patients with Tourette 
syndrome compared to healthy controls [127]. It thus seems from functional MRI studies 
(fMRI) that the normal system of inhibition, in which the SMA is involved, has adapted in 
order to suppress tics [127]. Inconsistent with this assumption, low-frequency (inhibitory) 
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rTMS over the SMA leads to a reduction of tics [128-131]. Apart from tics, patients with 
Tourette syndrome frequently show echophenomena [132]; automatic imitations that are 
presumed to be normal in the first year of life, but are considered as a complex tic when they 
reappear [133]. Interestingly, high-frequency rTMS of the SMA in healthy people can also 
induce echophenomena [134]. An important remark concerns the idea that activation of the 
SMA as seen in fMRI studies can imply both positive and negative modulation, favoring the 
idea that the SMA has a causative role in the generation of tics instead of suppression of tics. 
While disturbed SMA activity in patients with the SMA syndrome and PD results in a lack 
of movements, changed/increased activity of the SMA in patients with tics is involved in the 
generation of movements. In the next paragraph an integrative explanation is proposed for 
this seemingly dualistic or “thermostatic” role of the SMA in initiation and inhibition upon 
direct electrical stimulation, in epilepsy and in tics and echophenomena. Fig. 3 summarizes 
the proposed modulatory effects of both SMA’s in the SMA syndrome, PD and tics. 
Insight in SMA functioning
How should this apparent discrepancy between lack of movement initiation after lesions of 
the SMA and inhibition of movements due to an increased activity in the SMA be integrated? 
We recognize that any explanation remains hypothetical, but it may offer grip for further 
understanding. Lesions of the SMA are sometimes accompanied by temporary grasp reflexes 
or even an alien hand syndrome [36,37,40,135-137], although this is accompanied by damage 
to the anterior cingulate cortex and anterior corpus callosum respectively [138-141]. 
As previously mentioned, stimulation of the SMA can evoke movement initiation as well as 
an arrest in movements. Moreover, the SMA is active during the sight of a graspable object 
[142]. While electrical stimulation of the primary motor cortex not only leads to muscle 
twitches but can evoke complex, coordinated movements of multiple joints [143], the SMA 
seems to have a different role in more complex motor planning. Previously, a leading opinion 
was that activity in the SMA was related to volitional, internal generation of movements, 
but it has more recently been shown that the SMA has a function in both internally and 
externally generated movements [144,145]. Currently, activation in the pre-SMA has been 
related to volition [146]. Sumner et al. nicely demonstrated that the SMA is in fact implicated 
in automatic effector-specific inhibition of motor plans [147,148]. This is substantiated by 
the connections of the SMA with the subthalamic nucleus forming a hyperdirect pathway 
that suppresses thalamocortical circuits, which leads to a cessation of movement [149]. 
In the light of the akinetic deficits following resection of the SMA, but also in PD, this 
does not provide a full explanation. Possibly, the strong interconnection between the two 
SMA’s [60,150] enables the maintenance of a tonic interhemispheric balance involved in 
the initiation but also inhibition of movements. This balance can lead to both excitatory 
and inhibitory activity upon cortical and subcortical stimulation, with a preponderance for 
inhibition [52,151]. Regions that lead to cessation of movement after stimulation have been 
called negative motor areas (NMA) [152]. There seems to be a remarkable lower incidence 
of the motor SMA syndrome and disturbance of bimanual function when leaving subcortical 
white matter NMAs originating from the SMA intact during resection of tumors in this area 
[52,153]. As seen from the localization of the stimulation sites it is probable that the NMA’s 
include both white matter tracts that connect the two opposite SMA’s as well as other tracts 
originating from the SMA. For example, transiently disturbed motor initiation has been 
correlated with a resection close to the fronto-striatal tract (also called subcallosal fasciculus) 




important outflow tract of this network. Moreover, direct stimulation of this tract also induces 
initiation disorders [155]. 
Furthermore, our hypothesis is consistent with the fact that the SMA can both initiate and 
suppress movement after a sensory instruction [156,157]. The SMA is able to achieve this 
by both promoting and suppressing primary motor cortex activity [87], through activity prior 
to activation of the primary motor cortex [158]. This explanation seems also consistent with 
the role of the SMA and pre-SMA in linking conditional rules to actions [2] and the role of 
the SMA in the temporal organization of movements [159,160]. Unilateral lesioning shifts 
this balance towards a lack of initiation, which can be restored once a new balance has been 
created. The fact that patients with the SMA syndrome can move upon strong encouragement 
is likely to be the result of compensatory circuits. This tonic regulation can also explain 
the deficit in bilateral alternating movement patterns following unilateral lesioning of the 
SMA, while mirror movements are preserved [30]. It has been shown that integrity of the 
parts of the corpus callosum that connect both SMA’s correlates with better asynchronous 
bimanual finger-thumb opposition [161]. Alternating movements require a difficult balance 
between inhibition of movement followed by initiation of movement, especially when this 
Figure 3. Proposed mechanisms of modulation of the SMA in normal subjects, SMA syndrome, PD 
and tics. The SMA can both positively and negatively modulate the contralateral SMA [87]. In normal 
conditions this tonic interhemispheric balance may result in both initiation and inhibition of movements. 
In the SMA syndrome this balance is disturbed, leading to temporary lack of movements (akinesia) of 
the contralateral limbs and irreversible deficits of bimanual alternating movements. In PD, activity 
of both SMA’s is reduced, leading to akinesia and disturbances in bimanual alternating movements. 
Tics, however, result from bilaterally increased SMA activity. A disturbed interhemispheric balance 
may either aid in the suppression of tics or mediate the generation of tics. The functional schemes 
are projected on a coronal MNI brain section. = denotes unchanged modulation, < denotes decreased 
modulation, > denotes increased modulation.
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has to be done rapidly with two hands. Anti-phase movements require effective contralateral 
suppression, which is disturbed after resection of the SMA, but also in PD. Apparently, both 
SMA’s are necessary to perform alternating movements. 
The tonic interhemispheric balance could also be an explanation for the above-mentioned 
apparent disparity between activation of the SMA that leads to suppression of tics, while 
inhibition of the SMA reduces tic frequency and activation of the SMA in healthy controls 
can lead to echophenomena. 
Our model has a focus on the initiation and inhibition of movements with a special interest in 
bimanual alternating movements. It has been shown that there are more NMAs, for example 
in/near other premotor areas [151]. It is unclear whether the outflow of these areas projects 
to the SMA or that this is a separate system. It would be interesting to see if the SMA’s 
are the final node in determining initiation or inhibition of movement. In this, alternating 
movements are apparently most demanding, requiring both SMA’s. Our model is restricted to 
the interaction between the SMA’s. Evidently, the SMA is part of a larger network, with rich 
connections to other cortical and subcortical areas. 
conclusIon
The SMA syndrome is an intriguing syndrome, characterized by temporary dysfunction, 
which helps to obtain useful insights in the function of the SMA and its embedment in 
neuronal circuits. The main aim of this article was not to write a comprehensive review on the 
function of the SMA, as these are available. Here we summarized the findings from previous 
studies regarding the SMA syndrome and showed that there are analogs with seemingly 
very different disorders such as PD and tics. Combining these findings, we propose that 
the SMA is involved in both the initiation and suppression of movements, maintaining a 
tonic interhemispheric balance. In this physiological context, the presentation of temporary 
deficits of the SMA syndrome supports the view that the healthy SMA can compensate for 
the functional impairment inflicted by the affected SMA. This concept is further supported by 
the persistent impairment of performing bimanual anti-phase movements, a motor condition 
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The role of diffusion tensor imaging in brain tumor 





Diffusion tensor imaging (DTI) is a recent technique that utilizes diffusion of water 
molecules to make assumptions about white matter tract architecture of the brain. Early 
on, neurosurgeons recognized its potential value in neurosurgical planning, as it is the only 
technique that offers the possibility for in vivo visualization of white matter tracts. In this 
review we give an overview of the current advances made with this technique in neurosurgical 
practice. The effect of brain shift and the limitations of the technique are highlighted, followed 
by a comprehensive discussion on its objective value. Although there are many limitations 
and pitfalls associated with this technique, DTI can provide valuable additional diagnostic 
information to the neurosurgeon. We conclude that current evidence supports a role for DTI 
in the multimodal navigation during tumor surgery.
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IntroductIon
The consequence of the extent of glioma resection regarding life expectancy is still debated 
due to lack of class I evidence, although current results seem to favor a more radical resection 
for both low grade and high grade gliomas [1]. The ultimate goal and major challenge in 
glioma surgery is to obtain maximal resection while minimizing loss of neurological function. 
Diffusion tensor imaging (DTI) is a tool that contributes to achieve this goal by visualizing 
white matter tracts. From the early introduction of the fiber tracking technique neurosurgeons 
saw potential for non-invasive mapping of white matter tracts, especially in planning the 
optimal approach to a lesion. The first practical implementation was the integration of 
the pyramidal tracts, estimated with diffusion weighted imaging, in a neuronavigation 
system [2]. Meanwhile, a large number of studies investigated the value of diffusion tensor 
tractography for neurosurgical planning, focusing mainly on the major white matter tracts as 
they are most easily visualized. Most studies involved benign or malignant lesions involving 
the corticospinal tract [3–35], optic tract [3,17,19,23,29,36–43], superior longitudinal 
fasciculus [5,26,27,44] and arcuate fasciculus [3,19,29,45,46]. Nearly all authors report a 
positive experience with this relatively new technique. However, the beneficial effect is hard 
to quantify. Many authors describe the use of tractography as ‘helpful’, ‘of great help’ or 
‘beneficial’, without exactly determining what the value was. It may have influenced the 
choice of approach and intraoperative decision making, but whether it has affected the quality 
and quantity of the resection remains difficult to ascertain. Few authors described in detail 
how tractography changed their surgical strategy, e.g. Chen et al. or Nimsky et al. [22,34]. 
Until now, there are no controlled studies that relate clinical outcome to the integration of 
DTI in a neuronavigation system.
Following a general introduction to the method, we want to outline the pitfalls and potential 
benefits of DTI as a tool for pre- and intraoperative neurosurgical planning in tumor resection 
in this review.
Principles of DTI
In vivo quantification of diffusion of water molecules using magnetic resonance imaging 
(MRI) was first described in 1986 [47]. Diffusion can be described as random thermic 
motion, or Brownian motion [48]. The technique utilizes the fact that in tissue diffusion is 
not necessarily random due to barriers that limit diffusion in one or more directions (see Le 
Bihan and Johansen-Berg for an excellent introduction) [49]. Unhindered diffusion of water 
molecules is referred to as isotropic diffusion. Restriction of movement along only one axis 
is called anisotropic diffusion. Among others, the measured diffusion process depends on 
the applied magnetic gradients and the axis of myelinated white matter tracts [50–53]. The 
mechanism of this anisotropy along white matter tracts is not exactly known. From studies in 
developing brains it has become clear that the degree of myelinisation has a role, with more 
myelinisation causing more anisotropy [54–57]. However, this is only a partial explanation, 
because anisotropy is also apparent before the white matter is myelinated [58]. With DTI 
it is possible to use anisotropy to analyze axonal organization of brain. This is based on 
the concept of a diffusion tensor, which is a mathematical model that describes the three-
dimensional process of diffusion in different axes [59]. In theory, it is already possible to get 
an impression of the diffusion process if scanning is performed in six directions [60,61], but 
generally many more directions are scanned to obtain a better recording. There are various 
ways to perform tractography based on the diffusion tensor. Fiber assignment by a continuous 




the average axonal orientation within a voxel to estimate axonal projections, based on user-
defined variables such as the fractional anisotropy (FA) and the maximum tract angle. Later 
on, a probabilistic approach was introduced to be able to trace tracts up to and within the gray 
matter without relying on the arbitrary anisotropy threshold [63]. This method is also more 
resistant to noise, because it is less vulnerable to halts in the tractography due to individual 
voxels with an ambiguous fiber direction.
Several research groups used DTI to create white matter tracts atlases [64–68]. These atlases 
show good correspondence with atlases created with real-tissue dissections.
Technical limitations of the technique
Numerous technical considerations should be addressed in order to create a realistic concept 
of DTI when using this technique for neurosurgical planning. Current DTI techniques fall 
short on spatial resolution, signal to noise ratio (SNR) and susceptibility to a heterogenic 
magnetic field [69]. A first remark should be made about the resolution of diffusion-weighted 
imaging, which is in the range of millimeters. The diffusion process that is the source for 
computational modeling of white matter tracts takes place at molecular level [49]. Thus, DTI 
does not depict the actual diffusion process and derived actual tracts. For the intraoperative 
tractography the air-tissue boundary introduces additional susceptibility artifacts. Another 
issue is the user-dependedness of the technique, which starts at the acquisition of the data. 
Differences may be introduced in for example the amount of scanning directions, diffusion-
weighting [70] and in magnetic field strength. It has been shown that the SNR increases when 
using a higher field strength [71–74]. This leads to enhanced visualization of fiber tracts. 
The SNR is a quantitative measure to compare the strength of the MRI signal with the noise. 
There are many different methods to calculate the SNR [75]. For example, the easiest method 
to get an impression of the SNR is to define the signal (S) as the mean signal intensity in a 2D 
region of interest of ten by ten voxels with maximum uniform signal intensity in every slice 
of the DTI scan. The noise (σ) is the standard deviation of the signal intensity in this region 
of interest. SNR is then calculated according to the following formula [75]: SNR = S/σ.
Recently it has been stated that for analysis of major white matter tracts (such as the corpus 
callosum with an FA of 0.8) an SNR of 20 is a minimum requirement, being 40 for tracts with 
lower FA values (0.45) [76]. The optimal FA threshold for integration of tractography in the 
neuronavigational device was suggested to be in the range of 0.15–0.2 [77], which needs an 
even higher SNR.
At lower SNR values the accuracy, precision and reproducibility of measured FA values is 
negatively influenced [78]. More noise has the effect that it converts diffusion isotropy to 
anisotropy and it augments anisotropy by an underestimation of the smallest eigenvalue (λ3) 
and an overestimation of the largest eigenvalue (λ1) [79,80]. Clearly, this has an effect on the 
tractography results. SNR appears to be underreported in the studies that investigated the 
value of DTI in neurosurgical planning. Several methods can be used to increase the SNR, 
such as scanning with a higher magnetic field, increase the number of repetitions, scan a b0 
image for every eight diffusion weighted images and cardiac gating [81–85].
Method of tracking
An important choice to be made is the method of tracking. Currently most studies perform 
tracking using a deterministic or probabilistic approach (for an example see Fig. 1). Most studies 
evaluating the use of DTI in neurosurgical planning use a deterministic approach, and only a 
few, such as in studies involving Meyer’s loop of the optic tract, use a probabilistic approach 
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[36,40,41,43]. The deterministic method is based on the assumption that the orientation of 
fibers can be described by a single orientation. Clearly, this is an oversimplification as the 
millimeter-sized voxels contain thousands of axons, which can have different orientations. 
The probabilistic method can proceed in areas where the fiber direction is of lower certainty 
[86]. Due to the fact that this is a very time-consuming method it is currently not possible 
to intraoperatively integrate this method in the neuronavigation. Furthermore, this method 
creates a 3D map of possible connectivity, which is not necessarily based on actual anatomy. 
Newer methods that account for crossing or kissing fibers are being developed [37,87]. These 
methods take all the eigenvectors of a voxel into account and include high angular resolution 
diffusion imaging and diffusion spectrum imaging [88–91].
User-dependent factors influencing the technique
Jones and Cercignani nicely illustrated these relevant aspects and numerous pitfalls in DTI 
[92]. In addition to processing pitfalls, other factors should be considered as well. The choice 
of the fiber tracking program may influence the tractography results [93]. A significant 
difference in anatomical accuracy was found when evaluating nine different programs [94]. 
After the choice of a program the tracking results may vary due to different choices of vector 
step length, FA threshold and angular threshold [95]. There is also a registration error of less 
than 3 mm for the fiber tracts when integrating it in the neuronavigation [22]. Furthermore, 
the tracking depends on chosen location and size of the seed regions [95]. To reduce user-
dependedness, fMRI activations can serve as an objective method to derive seed regions, 
although this cannot be updated intraoperatively [15,96,97]. On the other hand, fMRI also 
9
Figure 1. Posterior view of a deterministic tractography of a 34-year-old patient with a right-sided 
frontotemporoparietal gemistocytic astrocytoma prior to a planned fourth resection. The tumor is 
highlighted in yellow. We placed a region of interest in the right cerebral peduncle, without further 
adjustment to get nicer results. The left image shows the close relationship of the tractography of 
the pyramidal tract (green) projected on a T1-weighted MRI scan. The right image shows the same 
deterministic tractography projected on the fractional anisotropy map. The deterministic tractography 
approach follows only the principal diffusion direction. As a consequence, it is clearly visible that only 
part of the pyramidal tract is depicted, with the lateral and most medial aspect of the tract missing. Blue: 
superior–inferior tracts, green: antero–posterior tracts, red: right–left tracts.
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has its flaws and pitfalls when it comes to identifying exact functional cortical regions.
User-dependedness is often quoted as one of the major drawbacks of the technique. However, 
for the experienced individual neurosurgeon the user-dependedness may be expected to add 
value, because lessons can be learned from previous cases when using the same settings. It has 
been shown that experienced neurosurgeons have low intraobserver variability in generating 
tracts [23]. As with other surgical capabilities this is part of a life long learning process.
Effect of brain shift
A general problem of image-guided surgery with neuronavigation is that the preoperative 
coordinate system of the patient does not remain rigid. During the operation several 
factors may cause the brain to deform, such as patient positioning, the anesthesiology, the 
craniotomy, opening of the dura, resection of tissue, use of retractors, formation of edema, 
preoperative ischemic events, opening of tumor cysts or the ventricular system, and leakage 
of cerebrospinal fluid. As a consequence, the interpretation of preoperative data is affected. 
For example, at the cortical surface and near deep tumor margins brain shift can be up to 24 
mm and 3 mm respectively [98]. Moreover, brain shift is unpredictable as it is a dynamic 
process that changes over time [99] and it does not necessarily move along the direction of 
gravity [100]. It therefore seems a logical step to correct for the brain shift to get an update 
of the real anatomy, because the preoperative tractography might lose its significance. For 
the specific situation of white matter tracts the brain shift has been well documented. Using 
intraoperative MRI Nimsky et al. [11] registered FA maps in the neuronavigation and showed 
that white matter tract shifting ranged from -8 to 15 mm, while it was unpredictable whether 
inward or outward shifting would occur. White matter tracts can also be localized by direct 
stimulation [101], bypassing the problem of brain shift. Without intraoperative updating, 
this resulted in a distance of +1.8 to +13.4 mm between the corticospinal tract assessed 
with DTI and the stimulated motor response point [28]. Furthermore, a combination of these 
techniques may lead to a better starting point for stimulation [22].
The effect of brain shift does not withhold many neurosurgeons from using neuronavigation 
during the operation, keeping in mind that the interpretation of DTI should be put into this 
perspective. A mental update of the neuronavigation can be made using anatomical landmarks 
and intraoperative neuromonitoring. DTI can also be of value in providing additional 
information. Intraoperative updating, whether real, mental or mathematical [102], seems 
to be important. Intraoperative MRI is not widely available due to financial and practical 
limitations, although it seems to have benefits through a reduction in repeat surgery, length 
of stay in the hospital and costs [103]. A different option would be to use ultrasonography for 
intraoperative updating, which has also been used for tractography-based neuronavigation 
[104].
White matter tract organization
Several groups have tried to find changes in white matter tracts adjacent to a tumor using DTI 
metrics, mostly the FA. Field et al. [105] classified four patterns of tumor induced alteration 
of white matter tracts, namely displacement with a normal FA, normal tract locations and 
tensor directions with a decreased FA, decreased FA with abnormal tensor directions and 
near isotropy. Witwer et al. classified the tracts adjacent to tumor as displaced, disrupted, 
edematous or infiltrated [19]. Others invented a relative anisotropy index as a measure for 
white matter organization [106]. This index was significantly lower in areas of white matter 
adjacent to high-grade gliomas, but not with low-grade gliomas or metastases, which suggested 
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white matter disruption in the high-grade gliomas. Several others tried to use DTI metrics to 
distinguish low-grade gliomas, high-grade gliomas and metastases or to distinguish related 
vasogenic edema from tumor infiltration, disruption or displacement [107–121]. Both tumor 
infiltration or disruption and vasogenic edema lead to a decreased FA. Compression of a tract 
leads to an increased FA [5]. In cats it was shown that a cortical cold lesion model inducing 
vasogenic edema enhances diffusion [122]. In order to demonstrate tumor infiltration in white 
matter tracts, Stadlbauer et al. correlated FA and fiber tracking results with histopathological 
findings from stereotactic biopsies, although not corrected for brain shift [77,123]. They 
suggested an FA threshold of 0.15–0.2 is most favorable to minimize faulty tracking, but 
to include infiltrated fibers [77]. This is an important comment, because earlier Kinoshita et 
al. showed that the size of a fiber tract was not accurately estimated and relying on it led to 
more neurological deficit in one patient [4]. As mentioned earlier, when using such a low FA 
it is a challenge to obtain an adequate SNR for bias-free FA measurement, which stresses the 
importance of measurement of the SNR [76]. While DTI metrics such as the FA may help 
in the differentiation of normal, invaded and disrupted white matter tracts, the effects for 
tracking can be detrimental, because sometimes the reconstructed fibers cannot pass through 
an area of peritumoral edema, while the real fibers can [17,44,124,125]. The interpretation 
of the significance of the tractography becomes even more complex because it has been 
shown that pathologically infiltrated white matter can have preserved function [126,127]. 
Current DTI metrics are thus not capable of estimating exact white matter organization, nor 
white matter ‘integrity’ [69]. Fig. 2 shows an example of a case with normal, displaced and 
disrupted tracts due to a large tumor.
dIscussIon
Currently, DTI is the only technique that creates in vivo depiction of white matter tracts. 
Although there are many limitations and pitfalls associated with this technique, it can provide 
the neurosurgeon with additional valuable morphological/ anatomical information. As with 
many new techniques, its introduction gives rise to skepticism [128]. Although the results 
look very promising, the problem is that DTI-studies, by definition, cannot be blinded. The 
technique definitely needs further standardization, validation and technical improvement. 
Every increase in information about the tumor and the vital tracts will be of use to optimize 
decision-making before and during the operation. As suggested by Duffau, it seems that 
DTI is not reliable enough to base decisions on in the operating theater, given the current 
limitations of the technique [129]. However, we do not share the opinion that the technique 
is merely a research tool [130]. As with any diagnostic test, one needs to be able to interpret 
and to integrate the different findings. No specific test is infallible. DTI gives additional 
information that needs interpretation. Just like high signal intensity adjacent to tumor on a 
T2-weighted images needs interpretation to determine whether it represents edema or tumor 
invasion that should be resected. Direct electrical stimulation, that could be considered 
the current gold standard, also has drawbacks, such as variation of the responses, due to 
anesthetic regimens and susceptibility to electrical excitability [131,132]. Furthermore, in 
our experience direct stimulation not always leads to unequivocal determination of functional 
areas to base the ongoing surgical strategy on. Ultimately, however, direct neurostimulation is 
the best we currently have. Unlike direct stimulation, DTI can provide additional preoperative 
information, which may help in determining the best surgical approach. Especially with non-
invasive lesions, and in the absence of significant edema, others found that assessment of 




Figure 2. Preoperative DTI images of representative tracts of a 40-year-old patient with a large left-
sided diffuse gemistocytic astrocytoma that presented with focal epileptic seizures (dysphasia). All 
images are made with deterministic tractography with an FA threshold of 0.18. R denotes the right 
side of the brain. (A) 3D graphical lateral view of the tumor (blue/purple) and the relation with the 
left arcuate fascicle (yellow). These deep structures are projected on the surface of the cerebral cortex. 
(B) The same tract projected on a transversal T2-weighted FLAIR MRI, showing that there is space 
between the arcuate fascicle and the tumor, although there seems to be a close relationship. (C) The 
cingulate fasciculi projected on a coronal T1-weighted MRI (without gadolinium contrast). (D) The 
pyramidal tracts projected on a coronal T2-weighted FLAIR MRI, which shows that the left tract has 
a close relationship with the tumor, but does not seem to be displaced or disrupted. (E) This picture 
clearly shows that the left inferior fronto-occipital fasciculus is disrupted by the tumor and there is a 
stop in the tractography. (F) 2D illustration of the displacement and also disruption of the left uncinate 
fascicle by the tumor.
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information [31,34].
As DTI is an anatomical (and not a functional) determinant, its combination with direct 
stimulation provides important functional validation of the anatomy involved. In fact, with 
slow growing lesions, cortical reorganization may take place resulting in anatomically 
evident but functionally rudimentary tracts, which thus appeared to be resectable [133–135]. 
However, this dichotomy between functional and anatomical tracts does not hold. With DTI 
a reorganization of white matter tracts, induced by training, has been depicted [136], which 
provided evidence for the plasticity of the neural circuits. The underlying mechanisms of 
these changes are not clear. Also, one should bear in mind that damage to small blood vessels 
adjacent to a tract may result in ischemic injury, leading to a neurological deficit [137].
An additional advantage of DTI is that it facilitates the identification of tracts of interest, 
especially in combination with electrical stimulation, because one can have better 
expectations where to find the tract. In this respect, the combination of DTI with electrical 
stimulation appears to be synergistic [18]. As a result, mapping during awake surgery can be 
more effective and efficient, leading to less discomfort and less fatigue for the patient [27].
The aforementioned limitations of the technique, combined with the effect of brain shift 
and edema, brain displacement, disruption or tumor-invasion of tracts, may all lead to 
false negative or false positive estimation of tracts. The limitations and potential benefits 
of DTI are summarized in Table 1. This is why the DTI findings, especially in the clinical 
situation, should be interpreted with great caution [69]. In this light, the critical safety 
distance of 5 mm seems to be arbitrary [22,138]. It is wiser to apply the gold standard of 
direct electrical stimulation to assess the accuracy of the tractography [6,139,140]. There is a 
high concordance between DTI tractography and direct electrical stimulation (sensitivity of 
92.6% and specificity of 93.2% in the study of Zhu et al.), which validates the tractography 
findings [6,20,27,141]. In another study it was found that the probability of eliciting a motor 
response during subcortical stimulation depends on the distance between the tractographic 
estimate of the pyramidal tract and the tumor [142]. If the distance of stimulation is closer 
to the tractography of the pyramidal tract, indicating close proximity of the pyramidal tract 
to the resection cavity, there seem to be more neurological deficits [143]. In fact, the largest 
study involving 238 patients reported less postoperative deficit, higher Karnofsky scores and 
a positive effect on the survival when surgery was guided by FA maps (not tractography) 
during the operation [7].
conclusIon
DTI has shown to be a promising technique in pre- and intraoperative navigation in tumor 
surgery. A thorough knowledge of its limitations and potential pitfalls is indispensable for 
the interpretation and safe application of this promising new technique. For bias-free FA 
measurement, a sufficiently high SNR is important in the clinical use of DTI. As pointed out, a 
thorough knowledge of the pitfalls of the tractography in the pre- and intraoperative situation 
is of utmost importance. We believe that DTI has a role in multimodal navigation, especially 
in combination with intraoperative direct neurostimulation. The functional validation of DTI 
tracking by intraoperative stimulation provides synergistic use of both techniques. It has the 
potential to aid in maximal tumor resection, without increasing morbidity. Intraoperative 





Table 1. Limitations and potential benefits of DTI in neurosurgical resection of tumors.
Limitations Potential benefits
Variability in data acquisition, possibly 
leading to low SNR’s
Defining optimal surgical approach
Tractography depends on used software, 
tracking method, seed region and other 
user-specified variables
Potential beneficial role in multimodal 
navigation to maximize tumor resection, 
without causing more morbidity
Registration error Synergy with other modalities
Brain shift affects tractography reliability Possibility of intraoperative updating may 
guide in optimal resection strategies
False negative tracts by white matter tract 
alterations
Improved orientation for direct stimulation
False positive tracts (tracts without 
function)
Confirmation with direct stimulation
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In the past decades several tools have been developed to improve the ability of the 
neurosurgeon to achieve a maximal resection of brain tumors, while minimizing neurological 
deficit. Diffusion tensor imaging is the only technique that can visualize details of white 
matter tracts in vivo. In this pilot study we aimed to gain practical experience with this 
technique to obtain insight in the limitations and potential benefits of the technique.
Four patients with a left-hemisphere tumor were studied. We made a preoperative diffusion 
tensor imaging scan in all patients and a postoperative scan after 4.5 months in three of four 
patients. Five major white matter tracts were selected using commercially available clinical 
software and visually classified as either (0) normal, (1) in close relationship with the tumor 
with possible displacement, (2) displaced or (3) disrupted. The healthy hemisphere served as 
a control.
The tractography results revealed some important limitations of the currently used technique. 
We showed that deterministic tractography may not correctly depict the white matter 
tracts, neither in the affected nor in the healthy hemisphere. Due to the possibility of faulty 
tracking into a different tract, false negative and false positive tracts, the interpretation of the 
tractography is difficult. We discuss the aspects of the technique together with other factors 
that influence tractography, such as defining regions of interest, the effect of chemoradiation 
and the used software for tracking. Despite the listed pitfalls, diffusion tensor imaging may 
contribute to faster intraoperative tract identification and to the determination of the optimal 
approach towards a tumor.
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IntroductIon
A major challenge in glioma surgery is to obtain a maximal surgical resection with a minimum 
loss of neurological function. Current evidence suggests that a radical resection is favorable 
for the life expectancy in both low- and high-grade gliomas [1]. Several technological 
advancements have been developed in order to serve this approach. The effect of some of 
these developments on patient survival, such as the operating microscope, has never been 
thoroughly investigated, but there is a general consensus that it provides a significant 
advantage in clinical practice. Multimodal image-guided surgery is one of the newest and 
rapidly developing techniques, which implies that various imaging modalities are integrated 
in the neuronavigation system in the operating room. One of these imaging modalities is 
diffusion tensor imaging (DTI). This is currently the only technique that can depict white 
matter tracts in vivo. There are few studies that have investigated the clinical value of DTI 
so there is low evidence that its implementation has a favorable effect on the quality of life, 
neurological deficit, extent of resection and survival [2]. In this pilot study we aimed to assess 
the feasibility of DTI in our center to obtain practical experience with the technique and to 
obtain an impression of the limitations and potential benefits.
DTI is an MRI technique that makes assumptions on white matter architecture of the brain 
using diffusion of water molecules [3]. These assumptions imply that diffusion perpendicular 
to a white matter tract is less probable than diffusion along a tract [4-7]. When the diffusion 
process is examined from different angles using mathematical models, it is possible to obtain 
a three-dimensional image of the white matter tracts in the brain. Many authors have used 
DTI in brain tumor surgery to get more information about vital white matter tracts prior to 
and during a resection [8]. In this pilot clinical study we examined five major white matter 
tracts in patients with a left hemisphere tumor prior and after resection of the tumor, using 
commercial software that is also used for neuronavigation. We made a visual classification of 
the relation between the tract and the tumor. This allowed us to illustrate important limitations 
and potential benefits of this technique in clinical practice.
Methods
Patients
Four right-handed patients with a tumor in the left hemisphere were included. None of the 
patients had neurological or psychiatric disorders other than caused by the tumor. All patients 
were right-handed as indicated by the Edinburgh Handedness Inventory [9]. The experiment 
was approved by the Medical Ethical Committee of the University Medical Center Groningen. 
All patients gave informed consent according to the declaration of Helsinki.
Data acquisition
Patients were scanned prior to the operation and about 4.5 months after the operation. From 
the last patient we only obtained a preoperative scan. Data acquisition was performed using 
a 3 T Philips MR system (Best, The Netherlands) with a 32-channel SENSE head coil. 
Diffusion weighted images were acquired using the following parameters: field of view 240 
x 137.5 x 240 mm, TR=8930 ms, TE=61 ms, flip angle 90°, 55 slices without slice gap, with 
voxel size of 2.5 x 2.5 x 2.5 mm. We scanned 60 different diffusion gradient directions with 
a b-value of 1000 s/mm2 and 10 b0 images. A T1-weighted 3D anatomical scan was acquired 
to obtain high-resolution anatomical information with a field of view of 256 x 160 x 224 mm, 





We did not use the clinical MRI scans, which included e.g. contrast series, because these 
were made on a different MRI scanner.
Data analysis
In order to get an indication of the quality of the diffusion weighted images we measured the 
signal to noise ratio (SNR) according to a method described bij Lagana et al. [10]. The SNR 
was calculated using the formula: S = 0.655 * S/σ, where S is the mean signal in a 2D region 
of 10 x 10 = 100 voxels in a region of maximum signal intensity for every diffusion gradient 
direction, because it has been shown that the SNR might vary among different diffusion 
directions. In the same way, the noise (σ) was calculated using the mean signal in 20 x 20 = 
400 voxels extracted from the background air. This resulted in a mean SNR of 43.9 (SD 3.7).
All further analyses were performed with Brainlab iPlan Cranial 3.0.3 (Brainlab AG, 
Feldkirchen, Germany), which is the neuronavigation system used at the neurosurgical 
department of the University Medical Center Groningen. This provides the opportunity to 
integrate the tractography in the neuronavigation system. Tumor size was obtained from 
the anatomical scan, measuring the maximum tumor diameter along the x, y and z axis. 
Preprocessing with Brainlab included eddy current correction and removal of artifacts 
outside the brain that are deleted based on a mask obtained from the b0-image. The diffusion-
weighted images were coregistered to the high-resolution anatomical image. After estimation 
of the diffusion tensor, deterministic tractography in Brainlab was performed using the ‘fiber 
assignment by continuous tracking’ (FACT) algorithm [11]. For all patients we selected the 
following five major tracts: cingulum, corpus callosum, arcuate fasciculus, inferior fronto-
occipital fasciculus and efferent tracts passing through the cerebral peduncle. Regions of 
interest (ROI’s) were manually drawn for every patient on axial fractional anisotropy (FA) 
images, according to the method of Catani and Thiebaut de Schotten [12]. Tracking was 
performed with an FA threshold of 0.12 and minimum tract length of 20 mm. White matter 
tracts evidently not belonging to the tract of interest were excluded, based on anatomical 
knowledge. Tracts were classified in four different categories: (0) presumed to be normal, 
(1) in close relationship with the tumor with possible displacement, (2) displacement or (3) 
disruption. The healthy hemisphere served as a control.
results
All patients had seizures as the only presenting symptom, without other clear neurological 
deficits. The tumor of patient 1 had a mesiotemporal location, which infiltrated almost the 
entire left temporal lobe in anteroposterior direction, involving the inferior temporal gyrus, 
parahippocampal gyrus and hippocampus. Patient 2 had a tumor that infiltrated a large part 
of the left frontal lobe, involving large parts of the superior and middle frontal gyrus. This 
tumor was located anterior to the pre-supplementary motor area (pre-SMA), a region that is 
posteriorly bordered by the vertical line traversing the anterior commissure. The tumor of 
patient 3 infiltrated large parts of the left inferior frontal gyrus and insula, extending in the 
Sylvian fissure, possibly also infiltrating the superior temporal gyrus. Patient 4 had a tumor 
in the posterior part of the superior frontal gyrus (SMA/pre-SMA), extending in the cingulate 
sulcus and gyrus. The posterior border was anterior to the precentral gyrus. Fig. 1 depicts 
transversal, coronal and sagittal images of the T1 scans of the patients, showing the different 
tumors without tractography. In all patients the tumor was surrounded by minimal edema. 
Patient and tumor characteristics are summarized in Table 1.
Primary therapy in all patients was operative resection, followed by radiation therapy in
159
Diffusion tensor tractography in patients with left-hemisphere tumors 
Table 1. Patient and tumor characteristics.
Patient Age 
(years)




1 41 Male Diffuse astrocytoma (II) Mesiotemporal 48 x 84 x 38
2 23 Male Anaplastic astrocytoma 
(III)
Frontal 44 x 61 x 49
3 58 Female Diffuse astrocytoma (II) Frontotemporal 40 x 43 x 39
4 52 Female Diffuse astrocytoma (II) Frontodorsal 21 x 37 x 37
*Tumor size refers to the maximum diameter along the x, y and z axis.
patient 1 and 2, chemoradiation in 4, while patient 3 chose to refrain from additional 
chemoradiation therapy. Patient 1 had a speech deficit postoperatively, improving partially 
in the following months. Patient 2 and 3 had no postoperative neurological deficit. Patient 4 
had a partial SMA syndrome, involving impairment of her right hand and speech functions.
To provide a reference tractography for the five affected tracts, unaffected tracts identified in 
various patients are presented in Fig. 2. Table 2 provides an overview of this classification 
concerning the five white matter tracts in the affected hemisphere of the patients. Figs. 3-5 
illustrate some of the interesting findings reported in Table 2. The inferior fronto-occipital 
fasciculus appeared disrupted preoperatively in patient 1, while after resection of the tumor 
there was only displacement of this tract (Fig. 3). The temporal part of the inferior fronto-
occipital fasciculus seems to be blocked by the tumor, causing a disruption of the tractography, 
Figure 1. Transversal, coronal and sagittal T1 sections, showing the tumor localizations in the four 
patients. Sagittal images are made from the left hemisphere. R = right side of the brain (neurological 
convention). P = posterior side of the brain. Trans = transversal. Cor = coronal. Sag = sagittal.
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Figure 2. Normal white matter tractography of the five assessed tracts. (A) Coronal posterior view 
of the cingulum of patient 3 preoperatively. (B) Coronal posterior view of the corpus callosum from 
patient 1 preoperatively. (C) Sagittal view of the left arcuate fasciculus on the postoperative scan from 
patient 2. (D) Right lateral view of the right efferent tracts passing through the cerebral peduncle in 
3D view from patient 2 preoperatively. (E) Left lateral 3D view of the left inferior fronto-occipital 
fasciculus from patient 4. A, B and C are 2D views, while D and E are 3D views of the tracts projected 
on a 2D translucent sagittal anatomical image. R = right side of the brain. P = posterior side of the brain.
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which does not extend into the occipital lobe (Fig. 3).
Table 2. Classification of five major tracts pre- and postoperatively.










1 Mesiotemporal 0 / 0 0 / 0 3 / 3 3 / 2 2 / 2
2 Frontal 2 / 3 2 / 1 0 / 0 0 / 0 1 / 1
3 Frontotemporal 0 / 0 3 / 3 2 / 2 1 / 0 2 / 2
4* Frontodorsal 1 0 0 0 2
Classification considers the tracts in the left hemisphere, using the healthy hemisphere as a control. 0 
= normal tract, 1 = tract in close relationship with tumor, possibly displaced, 2 = displaced tract, 3= 
disrupted tract. Before slash = preoperative classification, after slash = postoperative classification. 
*Only a preoperative scan was obtained in patient 4.
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For patient 2 it seemed that the preoperative displacement of the cingulum, changed to a 
disruption of the most frontal extension postoperatively. Fig. 4 clearly illustrates an alteration 
in tractography after the resection in this patient. However, it seems that the original 
preoperative frontal extension of the cingulum ends at a different location than where one 
would normally expect this tract. One might get the impression that no disruption has taken 
place preoperatively. It is therefore unclear from the tractography whether there is indeed 
postoperative disruption of the tract or that the decompression caused the tractography to 
follow a more normal path. The latter would imply a false ‘connection’ between the cingulum 
and the anterior part of the frontal cortex. However, compared to the healthy tract there seems 
to be a disruption, as seen from the 3D images of the tract pre- and postoperatively (Fig. 4).
The arcuate fasciculus of patient 3 is displaced by tumor, leading to a more superior extension 
of the tract in the frontal lobe (Fig. 5A). This is further emphasized by a comparison with the 
normal tractography of the arcuate fasciculus, which flows in the inferior frontal gyrus, as can 
be seen from Fig. 2C. Although the tumor of patient 4 was located in the midline above the 
10
Figure 3. Pre- (A) and postoperative (B) tractography after radiotherapy of the inferior fronto-occipital 
fasciculus from patient 1. The left and middle images are transversal and coronal 2D images. The 
sagittal images are 3D representations of the tracts of both hemispheres with a translucent sagittal 2D 
image as a background seen from a left lateral viewpoint. The preoperative tract is viewed from a more 
craniolateral viewpoint, because this shows that the left tract is interrupted (interruption indicated by 
the white dashed arrow), while the right tract is normal (white arrow). This figure clearly shows that 
there is an interruption of the tract preoperatively, while postoperatively there is only displacement. R 
= right side of the brain. P = posterior side of the brain.
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Figure 4. Pre- (A) and postoperative (B) tractography after radiotherapy of the cingulum from patient 
2. The left image is a cranial 3D view on the cingulum. The middle images are transversal 2D views 
and the right images are sagittal 2D views. From the left and right images it can be seen that the tract 
seems to curve around the tumor preoperatively, while it is interrupted postoperatively. R = right side 
of the brain. P = posterior side of the brain.
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corpus callosum, this tract was not affected by the tumor (Table 2). However, as can be seen 
in Fig. 5B, the tract of the corpus callosum does not flow into the SMA, neither in the affected 
nor in the healthy hemisphere. Evidently, the white matter inferior to the SMA is infiltrated 
by tumor. This standardized deterministic method of tracking of the corpus callosum thus 
appeared unable to pinpoint the difference with the healthy hemisphere.
dIscussIon
In this pilot study we gained practical experience with diffusion tensor tractography in patients 
with brain tumors, using clinically available software. DTI may be a valuable technique for 
neurosurgery when interpreted together with other modalities [8]. Potential advantages of 
the technique include a faster intraoperative identification of tracts [13] and a change in 
the surgical approach to a tumor [14,15]. The observations presented here provide some 
interesting practical insights in the limitations of the current implementation of the technique. 
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We will discuss these in the sections below.
Intrinsic limitations of the method
The local impact of a tumor on an identified tract may be caused by an intrinsic consequence 
of deterministic tracking. This was seen in patient 4 (Fig. 5B). The deterministic method 
assumes that there is a single fiber orientation within a voxel. For tractography this means 
that only one direction can be followed. In this study we had a voxel size of 2.5 mm for 
the diffusion-weighted images, which is average for a DTI study, but this is quite large 
considering the fact that the diameter of axons is in the micrometer range. DTI attempts 
to describe microscopic anatomy on a macroscopic scale. There is a considerable chance 
that multiple different orientations of axons fall in the same voxel. The tumor of patient 4 
clearly infiltrates the SMA region. In healthy subjects, both SMA’s are strongly connected 
via the corpus callosum [16]. Inherent to the used deterministic tractography method, the 
tractography of the corpus callosum does not reach the healthy SMA. Therefore, it seems that 
there is no asymmetry in the tract, while the SMA is clearly infiltrated in the left hemisphere 
(Fig. 5B).
A similar finding makes the interpretation of the cingulum anatomy of patient 2 difficult. The 
deterministic tractography method tracks the principal direction of diffusion, thus only one 
path can be followed and will be followed if adjacent voxels above the FA threshold have a 
similar orientation. Looking at Fig. 4, it seems that part of a different white matter tract is 
tracked. Possibly, displacement by the tumor led to faulty tracking. It is therefore uncertain 
whether the postoperative disruption is new or that this is unchanged. The radiotherapy 
treatment further complicates the interpretation of the postoperative disruption (see paragraph 
‘Radiotherapy and chemotherapy effect’). 
With probabilistic tractography it is possible to account for more than one direction within 
10
Figure 5. (A) Sagittal view of the arcuate fasciculus of patient 3 preoperatively. There is displacement 
of the frontal extension of the tract. This can be compared with e.g. a normal location of the tract 
(Figure 2C). (B) Coronal posterior view of the corpus callosum from patient 4 preoperatively. The 
relation of the tumor with the corpus callosum is visible in this figure. The corpus callosum does not 
seem to be affected by the tumor. It can be seen that in both the healthy hemisphere and the affected 
hemisphere the tract does not flow into the supplementary motor area. R = right side of the brain. P = 
posterior side of the brain.
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a voxel [17,18], but this is quite time-consuming and thus is currently of limited use in the 
clinical situation. Because DTI is a relatively new technique in neurosurgery, it is still in 
development. Other tractography methods, such as high angular resolution diffusion imaging 
are in development and can possibly overcome the problem of multiple axon orientations 
within a voxel [19,20].
Practical limitations
There are other factors that limit the interpretation of the presented visualization of white 
matter tracts. Although we used a more or less standardized method to draw ROI’s that has 
a high inter-subject reliability [12], it still remains quite subjective. Even when drawing the 
ROI with meticulous precision, the tractography includes parts that do not belong to the 
presumed tract and must thus be excluded. This exclusion is inherent to the procedure and is 
based on current anatomical knowledge of the interpreter. Considering the fact that new tracts 
or extensions of tracts are still being discovered and validated in postmortem brains [21-24], 
this manipulation of tractography bares a risk that yet unknown tracts are excluded. 
The threshold used for tracking determines whether a tract will be visualized or not. If the used 
FA value is too high, tracts may be missed, while faulty tracking may result from an FA value 
that is too low. Both infiltration of tumor in a white matter tract and edema lead to a decreased 
FA value [8]. On the other hand, compression of a tract can lead to an increase in the FA 
value [25]. The optimal FA threshold for tracking has not been investigated extensively in the 
vicinity of a tumor. An FA value between 0.15 and 0.2 has been suggested to be optimal [26]. 
The upper limit of FA threshold can be properly motivated because tracts included above this 
limit could only be located outside pathological areas [26]. Relying on this has been shown 
to enhance neurological deficit in a patient after resection of a tumor close to the estimated 
tract [27]. However, the lower limit was rather arbitrarily defined [26] by concluding that an 
FA threshold of 0.1 led to tracking into the tumor and might not represent a real tract. In our 
patients, we used an FA threshold of 0.12. Although inevitably arbitrary, the rationale behind 
this was to minimize the chance to miss tracts, while tracts that were obviously not belonging 
to the presumed tract could be excluded manually.
Functionality of tracts
Another limitation of the technique is related to the functionality of identified tracts. Infiltration 
of a tract by tumor or the presence of peritumoral edema may hinder the reconstruction of 
tracts with DTI. However, it is possible that viable tracts pass through these areas [27]. There 
can be preserved function in white matter tracts that are infiltrated by tumor [28,29]. It is 
also possible that the visualized tracts are present in vivo, but have lost function due to 
cortical reorganization [30-32]. Thus, the technique used in this pilot study can both lead 
to false negative (missed tracts) and false positive (tracts without function) results. It is 
uncertain whether the tracts that are classified as disrupted, are truly disrupted. Therefore, its 
intraoperative use is limited because one can never be sure of the actual presence or absence 
of a functional tract on the location of the tractography.
Effects of radiotherapy and chemotherapy
A major challenge in DTI data handling is to perform a quantitative analysis [33]. Considering 
the comparison of the tracts pre- and postoperatively in the present report, it is important to 
realize that two of the three patients that had a postoperative MRI where treated with radiation 
therapy. Radiotherapy leads to injury of white matter, causing changes in DTI metrics, 
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for example leading to decreased FA values [34-36]. Radiotherapy associated changes in 
DTI measures have been associated with dose-dependent axonal injury and demyelination 
[34,37,38]. The radiotherapy effect makes it virtually impossible to perform a quantitative 
analysis of the presented tracts. It also limits the evaluation and comparison between pre- 
and postoperative tractography. The absence of a postoperative MRI, being performed 
before radiotherapy was instituted, makes it impossible to quantify pre- and postoperative 
differences. For example, the postoperative disruption of the cingulum in patient 2 may be 
the consequence of decreased FA values due to the local radiotherapy or just the result of the 
surgical procedure. 
For chemotherapy it is less well investigated whether this has a significant effect on DTI 
metrics. Two studies showed no significant effect of chemotherapy on FA values in children 
with brain tumors [39,40], in which radiotherapy is a less standard therapy due to long-term 
adverse effects.
Influence of used software
We used clinically available commercial software to gain experience with DTI in clinical 
practice. Furthermore, Brainlab has FDA approval, while none of the freely available 
software packages such approval. The software is characterized by its user-friendliness, 
but this comes at a price. For example, the diffusion-encoded directions are not corrected 
for head movements. Also, Brainlab does not perform brain extraction, a standard step in 
most software packages, improving the normalization of the diffusion weighted images to 
the anatomical image. The software uses a deterministic tractography approach, which is 
practical in the clinical setting, because it is a relatively fast method. The choice of software 
package has an effect on the tractography results. It has been shown that there is considerable 
variability in depicted tracts by different software packages [41,42]. 
Recommendations
Although we studied only four patients in this pilot study, the presented findings and 
experience are a good starting point for clinical implementation of the technique. A next step 
is to systematically integrate the preoperative DTI in the neuronavigation system. To achieve 
this, the tracking method should be more standardized to be able to compare intraoperative 
findings with the preoperative tractography. In this way, tractography can be validated with 
direct electrical stimulation. This has indeed been done by others [43], leading to a good 
concordance between these techniques, but for the individual neurosurgeon it is important 
to become experienced with the technique in clinical practice. Considering the variability in 
tractography results, depending on various factors such as the used software and scanner, a 
standardized method of tracking should be implemented to be able to create a learning curve. 
When the implementation of this technique becomes routine, it might help in the selection 
of the optimal approach to a tumor or to faster intraoperative tract identification with direct 
electrical stimulation [13-15]. It is clear that more patients should be included to achieve such 
goal. In addition, postoperative tractography (without the effect of radiotherapy and being 
aware of the limitations of the technique) might be useful to assess the effect of surgical 





DTI is an interesting and visually appealing technique. In this pilot study we gained practical 
experience with the technique, highlighting important limitations of the current technique. 
Diffusion tensor tractography possibly contributes to faster intraoperative tract identification 
and to the determination of the optimal approach towards a tumor.
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In this thesis various aspects of premotor cortex function were studied, with a specific focus 
on writing. These studies were performed in healthy subjects, patients with Parkinson’s 
disease and tumor patients. 
Networks involved in writing
In Chapter 2 we found that right-handed subjects used a combination of proximal and distal 
movements when writing with their left hand, while they almost exclusively used distal 
movements during right-hand writing. We hypothesized that this reflects a differential 
premotor cortex involvement during writing. The relative positions of the PMv and PMd with 
respect to the somatotopy of the primary motor cortex are consistent with this hypothesis 
[1]. Furthermore, the left PMv borders Broca’s area and these areas share cytoarchitectural 
characteristics [2,3]. The left PMv may thus be an important area to integrate motor and 
linguistic functions for writing. Chapter 2 does not allow for definite conclusions regarding 
this hypothesis. We did e.g. not investigate whether the distal-proximal movement balance 
similarly holds for drawing. Furthermore, it would be interesting to investigate the distal-
proximal movement balance in more atypical groups such as left-handers with left, right or 
bilateral hemisphere dominance for language.
In order to further explore our hypothesis of differential premotor cortex involvement in 
writing, we performed an fMRI study. Inherent to the MRI procedure, subjects had to write, 
draw and tap in a supine position, which is why we were unable to quantify differences 
with respect to the use of distal and proximal movements. The findings from this study 
partly supported our previous hypothesis of differential premotor cortex involvement during 
writing. The PMd in each hemisphere contributed equally to contralateral writing. The left 
PMv made a stronger contribution to right-hand writing than the right PMv to left-hand 
writing. Both the left PMv and PMd contributed equally to right- and left-hand writing. 
These differences were not explained by dominance of the right hand, because they were not 
apparent during drawing. The activation of the left PMv may subserve motor integration with 
frontal language circuitry, irrespective which hand is used. However, it is uncertain whether 
the pattern of cerebral activations in the premotor cortices found in this study reflected a 
difference in distal and proximal movements or underlay a different computational process. 
In addition to the specific hypothesis regarding the differential involvement of the PMv and 
PMd, we compared writing and drawing to explore the uniqueness of the writing process. 
We identified three segregated processing streams involved in writing. Connections of the 
superior parietal cortex with the PMd subserve target-directed spatial navigation (I) [4-8]. 
A network comprising the anterior inferior parietal cortex and PMv (II), which is involved 
in the integration of prehension, touch and shape [9,10]. These two processing streams 
are consistent with the contribution of the PMd and PMv to proximal arm and distal hand 
movements respectively. We showed that both streams were also involved in drawing, 
but that drawing had a more bilateral representation. Particularly interesting compared to 
other studies [11,12] was that our design of writing compared to drawing showed that the 
activation in the left superior parietal cortex was not writing-specific. The third processing 
stream was writing-specific and involved the anterior PMv and the left posterior mTG (III), 
which might support the transformation of audition-based language input to the motor action 
of writing on dictation via the arcuate fasciculus and/or extreme capsule [13,14]. The left 
posterior mTG was hypothesized to play a central role in the division of semantic information 
to Broca’s area / left PMv and non-semantic, orthographical information to the posterior 
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inferior temporal gyrus (iTG) during writing on dictation. The activation of the left posterior 
iTG, a secondary visual area, during writing and drawing was quite remarkable in conditions 
without visual feedback. The left posterior iTG has been proposed to play a role in retrieving 
representations of written word forms [15,16]. In this respect, this area might transfer vision-
related information to the superior parietal cortex for further processing in body- and world-
centered spatial coordinates [4]. An interesting next step would be to assess these different 
processing streams and their causal relations with functional and effective connectivity 
studies.
The contrast of writing versus drawing provided insight in the functional differentiation 
within both the PMd and the PMv. Both writing and drawing resulted in activation of these 
areas, but during writing additional activation was present in the PMd and PMv at more 
antero-inferior locations. This was evident for both writing with the dominant and the non-
dominant hand. The differential activation in the supplementary motor cortex, also seen in 
our writing experiment, was consistent with the division of this area in the SMA proper and 
pre-SMA [17]. Although such further division has also been proposed for the PMd and PMv 
[18], this is only sparsely described in the literature [19]. The analogy with the SMA is most 
evident for the PMd. The posterior part of the PMd has direct projections to the primary motor 
cortex and the spinal cord [20], while this part is not substantially connected to the prefrontal 
cortex [21]. The rostral part of the PMd does project to the prefrontal cortex, while it is not 
connected to the spinal cord and primary motor cortex [20]. A functional and connectivity-
based parcellation of the PMd and PMv also shows that in fact four regions can be identified 
[22]. To gain insight in regional functional differences it is important to exactly specify various 
regions and make subdivisions if this is evident. It should be realized that such categorical 
classification also has limitations, because there is a gradual transition in cytoarchitectual 
characteristics implying that for the future some sort of continuous classification would be 
better. It has been suggested that a rostro-caudal functional gradient in the premotor cortex 
areas represents a gradual integration between cognitive and motor functions [23]. In this line 
of reasoning, a further specification for writing might imply that the integration of language 
and motor functions occurs in a gradient in the left PMv (in close collaboration with Broca’s 
area) and the construction of graphemes in the left PMd, historically coined Exner’s area. In 
chapter 7 we observed a similar rostro-caudal dissociation in the right PMd associated with 
different levels of visuomotor complexity.
Contemporary ‘writing’
A completely different issue is to what extent our findings with respect to writing may hold 
for all age groups given the ongoing changes in contemporary communication methods. 
Classically, writing has been and still is the basis for the expression of written language 
during the learning of language. However, typing with ten fingers on a keyboard and with 
two thumbs on a smartphone is currently a more standard way of communication with written 
language. This requires a different and more bilateral movement representation, without 
actual grapheme construction. It would be interesting to compare the functional correlates 
for actual writing with writing on a (MRI-compatible) keyboard or smartphone. For the 
future, there might also be differences between generations if the role of handwriting in 
language education will be less prominent. Such changes in brain function related to changes 




Size scaling as a basic parameter in visuomotor control
Although we did not find atrophy in the SMA or other motor-related areas in our VBM 
study (Chapter 5), consistent with the existing literature [25], we did find other interesting 
areas of atrophy in PD patients that can be extrapolated to our fMRI study on scaling of size 
(Chapter 7). Considering the fact that patients with PD frequently show micrographia [26,27] 
that is not merely the consequence of motor dysfunction, scaling of size seems to be a basic 
component of the writing process and in a wider perspective in visuomotor control. Apart 
from the initial bilateral temporal pole and inferior frontal atrophy, we found that there was 
a spread of atrophy towards posterior areas such as the lateral occipital cortex (LOC) during 
disease progression. This pattern of degeneration is consistent with the known dissemination 
of PD [28]. The LOC has been related to the occurrence of dysfunction in the visual domain in 
PD such as hallucinations [29]. This area has also been implicated in distinguishing objects, 
irrespective their size [30,31]. Lesions of the LOC lead to dysfunction of size perception 
in the contralateral hemifield [32-34]. Similarly, in our fMRI study in healthy subjects we 
found that this area was specifically involved in size constancy. Interestingly, micrographia 
in PD is typically a combination of smaller writing with a decrement in size during writing. 
It can be speculated that these patients have functional impairment of the LOC, reflected by 
a decreased grey matter concentration in this area during disease progression, which causes 
a disturbance in keeping a constant size of writing. This generates the hypothesis that the 
two components of micrographia (e.g. smaller writing versus a decrement during writing) 
might be caused by different cerebral deficits. This hypothesis could be explored with fMRI, 
comparing patients with evident micrographia to controls. In our behavioral study we did not 
find differences in writing size between PD patients and controls (Chapter 6). Possibly, such 
specific functional impairments are evident in PD subgroups, because PD patients can have 
a heterogeneous phenotype. It was interesting to see that both patients and controls wrote 
larger in the absence of visual feedback. During writing without visual feedback there is only 
proprioceptive sensory input. In this, feed-forward mechanisms, mediated by the cerebellum 
[35,36], have a more prominent role. This raises the question why feed-forward mechanisms 
cause the enlargement of movement trajectories. In this, an equivalent situation might be 
present during size scaling processes in writing and grasping. An initial large aperture of the 
hand during grasping gradually decreases to match the size of an object based on updated 
visual feedback [37]. It seems more efficient to start with a large aperture rather than starting 
with a small aperture, in order to efficiently pick up an object. In agreement with our findings 
related to writing, the maximum aperture of the hand during grasping is also larger in the 
absence of visual feedback [38,39]. Considering the fact that the opinion has been expressed 
that the only reason for having a brain is not to think or feel but to be able to interact with the 
environment through movements (Wolpert DM, TEDtalk1), it would not be surprising if the 
same basal cerebral organization of size scaling during grasping is also implicated in more 
complex motor skills such as writing.
Our fMRI design allowed us to make more specific assumptions on how the brain unifies 
perceptual and executional components during visuomotor integration. There are various 
illusions that can differentially manipulate these components of size estimation [40-42]. 
While viewing an object from different perspectives does not alter its identity, it does require 
an adaptation of the hand aperture during grasping. On the contrary, a changed environment 




remains constant. The most remarkable evidence for this perception/action dissociation in 
two neurally and functionally distinct networks comes from a study with healthy toddlers. 
When playing with a large toy car that is subsequently replaced by a miniature replica, 
toddlers actually try to sit in the replica, illustrating a lack of integration between perception 
and action that occurs during normal development [43]. It seems that the brain processes 
perceptual size information and size information related to action in a segregated fashion. 
These separate information streams must be integrated at some stage in order to create 
unity in action and perception. Concerning size incongruity, we proposed a model in which 
the brain aligns motor and visual information onto an internal reference frame that has its 
neuronal embedding centered in the dlPFC and inferior parietal cortex, predominantly in the 
right hemisphere. While visual incongruity of size relied more on the ventral visual pathway 
[44,45], motor incongruence specifically activated the rostral part of the right PMd (pre-
PMd). The functional differentiation in anteroposterior direction observed in the right PMd 
may reflect the increased visuomotor complexity associated with enlarging and reducing the 
presented figure [18,23] and is consistent with the dominant role of the right hemisphere in 
visuospatial processing [46,47] (Chapter 4). 
Another interesting finding from our study was that the left PMv was active during drawing 
different sizes, irrespective congruity or incongruity. This may point at its crucial contribution 
to skilled movements of the dominant right hand. The left PMv has been consistently related 
to grasping, matching fine-tuned finger movements to the shape and size of an object [37,48]. 
Together with the anterior intraparietal area, the left PMv integrates visual characteristics 
of an object with motor information to be able to grasp the object [9,10]. Our findings with 
regard to the size-specific left PMv activation provide evidence that size estimation during 
motor execution is embedded at a basal level. In this respect, size can be considered as a 
basic parameter in visuomotor control. The left PMv is in a good position to be involved in 
such executional size scaling in for example grasping. Grasping requires a proximal reaching 
movement towards a goal that is not size-specific, while distal hand action is. Size scaling for 
grasping concerns an initial extension of the fingers that is not very specific, followed by fine-
tuned flexion movements matching the aperture of the hand with the size of the object [37]. 
It is therefore not surprising that the left PMv is also active during the distal movements that 
are necessary for the skilled act of writing (Chapter 3, discussed earlier). Such relation with 
fine-tuned movements may further be reflected by the fact that the PMv has restricted output 
to the spinal cord segments corresponding to distal hand movements [20] and the main output 
of the PMv goes to the hand representation of the primary motor cortex [49]. 
SMA function
Although current neuroscience is more focused on a network view of the brain, the concept of 
localized function is still interesting to gain insight in the specific specialization of brain areas. 
In this respect, a theoretical argumentation was provided regarding the motor function of the 
SMA with a special focus on the SMA syndrome. The comparison of this elusive syndrome 
with findings from other disorders, such as PD and tics, allowed us to make inferences about 
SMA function. In order to perform a specific action, it is important that the two hands work 
in concert. This requires a complex balance between inhibition and initiation of different 
movements. We proposed that the SMA’s maintain a tonic interhemispheric balance involved 
in both the inhibition and initiation of movements. This view is consistent with the previous 
notion that the SMA is important in the temporal organization of multiple movements 




the performance of multiple movements based on memorized information. Inactivation of 
either SMA with muscimol caused a disturbance of the temporal sequencing of movements 
from memory, whereas simple movements and temporally sequenced movements elicited 
by visual cues were not affected [50]. In the SMA syndrome, but also in PD, external cues 
can revert akinesia to some extent, which shows that the ability to associate visual cues with 
specific movements is not a function of the SMA, but more probably the lateral premotor 
cortex [52-56]. A different hypothesis is that the SMA, together with the pre-SMA, is involved 
in linking conditional rules to actions [57,58]. This is also a more complex interpretation 
of the role the SMA has in both the initiation and suppression of movements. The above-
mentioned explanations are not contrary to our hypothesis. Our proposal represents a more 
fundamental aspect of SMA function. Temporal organization of movements and the linking of 
conditional rules to actions both require a difficult balance between initiation and inhibition 
of movements. 
Although the localist perspective provides useful insights, specific processing steps are not 
represented in an isolated location but embedded in neuronal networks. For brain tumor surgery, 
identification of eloquent tracts is important to preserve neurological function. In Chapter 9 
we argued that DTI has added value in the multimodal navigation during tumor surgery. 
This is primarily based on general theoretical and practical experience with the technique 
(Chapter 10), because blinded studies testing this technique are impossible. The technique 
is still insufficient to form the basis for surgical decisions, due to technical limitations. As 
with many technological advancements, the initial introduction of a technique leads to great 
enthusiasm, followed by a period of skepticism when confronted with the limitations of the 
technique. Subsequently, when the advantages and limitations of the technique are widely 
known and acknowledged, there is a more or less steady level of appreciation. I think that 
DTI is not in such steady state yet. Although most technical issues with DTI may be solved 
in the future, there is one important drawback that might not be solved and restricts the value 
of the technique. Tumors and surrounding edema alter the local diffusion of water molecules. 
It has been shown that pathologically infiltrated white matter can have preserved function 
[59]. Because DTI makes inferences on white matter anatomy based on the diffusion of 
water molecules, this restriction is inherent to the technique. This can lead to false negative 
tracts (tracts that have function but are not shown with the DTI technique). Trusting on this 
information can lead to serious neurological deficit [60]. Furthermore, DTI is an artificial 
anatomical technique providing static representations of dynamic structures and does not 
take the huge potential for plasticity in the brain into account [24]. In this respect, it is wiser 
to rely on the gold standard of intraoperative direct neurostimulation to determine anatomical 
and functional borders [61,62]. The use of DTI will therefore most likely be restricted to a 
supportive role in the multimodal navigation for the resection of brain tumors.
Future approaches to gain insight in brain function
To further discuss future possibilities in understanding the brain it is helpful to give a 
pragmatic definition about what brain function is. Function primarily describes the output 
of a system, but also implicitly how this output is generated. In this sense, a core function 
of the brain as a whole is to generate goal-directed action. In order to achieve this function 
there are separate components of the brain at different levels, each with their own function. 
A general organizational principle of the brain, in this respect, is that it processes sensory 
input to make predictions on possible output, based on the interpretation of the actual sensory 
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and previously encoded information, in order to eventually generate a specific output. A 
very interesting subsequent step in the understanding of the separate processing steps of the 
brain and in this respect the writing process would be to use multivariate pattern analysis 
(MVPA) [63]. MVPA is a relatively new technique that has a different approach to the images 
obtained with fMRI than the classical methods of analysis. This technique aims to investigate 
what information is encoded in a region, instead of focusing on the function and causality 
between regions [63]. Patterns of neural (hemodynamic) activity can be associated with 
different stimuli using MVPA. This was first used to classify different visual stimuli in the 
ventral temporal cortex [64], but is certainly not restricted to the visual domain [63]. A first 
step would be to see if it is possible to characterize specific size-related information in the 
left PMv. Because we hypothesized that the PMv activation represented the integration of 
motor with linguistic functions, it would be interesting to see if the writing of different letters 
or words can also be classified in the PMv. Subsequently, size of writing can be predicted 
according to the activity in this area. It would also be interesting to disturb the activity in 
the PMv with transcranial magnetic stimulation (TMS) during these tasks to see if the area 
is absolutely necessary for the discussed cognitive tasks. Furthermore, this technique might 
be used to preoperatively classify different processing steps to specific areas in order to 
maximally inform the neurosurgeon about localization of eloquent function.
A clear definition of an area is important to be able to compare and integrate findings from 
different research groups. The interpretation of fMRI results has been based on Brodmann’s 
cytoarchitectonic brain map based on staining of neuronal cell bodies, which is also the 
reference for the fMRI experiments presented in this thesis. Although also originating from 
the early twentieth century, there has been less attention for detailed maps of myelinated fibers 
(myeloarchitectonic maps) [65]. Combining these maps leads to more detailed anatomical 
segregation of cortical areas, which may serve as a better reference for the interpretation of 
fMRI results. Such a combined map has indeed been introduced and contributes to a better 
characterization of the cerebral cortex [66]. The authors suggest that a further improvement 
would be to integrate this map with the cytoarchitectonic and receptorarchitectonic maps 
from the research group of Zilles and Amunts [66]. I think an additional improvement could 
be the inclusion of highly detailed maps of glial cells, considering the relatively recent shift 
in knowledge about these cells. Glial cells were previously considered merely supportive, 
while it is now evident that these cells are important contributors to neurotransmission 
through gliotransmitters, modulating neuronal excitability and regulating short- and long-
term synaptic transmission [67,68]. To my knowledge, such maps are currently not available.
The eye of the beholder
In this thesis we used behavioral and neuroimaging studies and combined these findings 
with lesion studies to make inferences about the various processing steps of the brain and 
the differential contribution of the premotor cortex areas in particular. Apart from technical 
issues regarding the used techniques, there are important fundamental, conceptual issues that 
I would like to discuss here in order to put the obtained findings in wider perspective. As a 
simplification, one may consider the brain as a computer. Analogous to lesion experiments, 
would removal of the sound card from a computer learn us how the computer works as a 
whole? Lesion studies can determine necessity for a specific output of the brain, but not 
sufficiency [69]. Analogous to neuroimaging experiments, would looking at the monitor give 
insight in how the soft- and hardware work? Both fMRI and lesion experiments definitely 




7, regions can subserve multiple functions. The dlPFC and inferior parietal cortex have been 
shown to be involved in various cognitive functions such as response inhibition, attention, 
working memory, perceptual transitions and in our experiment in visuomotor incongruity 
[70-74], suggesting that common neural mechanisms are involved in these tasks [75]. This 
nicely demonstrates a problem of understanding brain function. It is not necessarily true 
that the ‘neural code’ has a direct relation with a presumed brain function as we define it, 
particularly when such definitions are based on previous understanding or historically given 
names (e.g. ‘working memory’). A second explanation for the fact that distinct regions are 
involved in multiple tasks is that activation of a cortical region is poorly understood. For 
fMRI, activation can imply both excitation and inhibition. It is very likely that specialization 
of an area is determined by the degree of activation [70]. This is not accounted for when using 
a man-made statistical threshold, binarizing the results in terms of activation or no activation. 
It has been calculated that an activated voxel of average size contains 5.5 million neurons 
with 2.2-5.5 1010 synapses, which makes it rather unsurprising that an activated voxel may 
constitute different computational functions [76]. It is therefore not remarkable that an area 
is involved in various (seemingly different) tasks, because it can perform multiple functions. 
It becomes even more complicated considering the fact that neurons can release multiple 
neurotransmitters, both excitatory and inhibitory, even from a single axon terminal [77-79]. 
It is unclear how such modulation of a neuron will ultimately be reflected in the fMRI BOLD 
signal. The previous examples show that it is important to realize that a direct coupling 
between a cognitive task and a brain region or network of brain regions should be interpreted 
with care and can indeed be subjective.
The techniques used in this thesis were used to provide answers to specific hypotheses 
and thus represent one view on the matter. These findings need to be integrated with 
other modalities. The DTI technique can provide an anatomical framework. fMRI has 
a strong spatial resolution but for example falls short on temporal resolution, for which 
electroencephalography (EEG) or magnetoencephalography (MEG) are more useful. With 
fMRI, we focus on relative brain activity represented in the BOLD signal, which is directly 
correlated to neuronal activity [80]. Questions addressed with fMRI thus lead to answers 
related to the characteristics of the technique. Other intriguing properties of the brain, such 
as the role of glial cells (approximately ten per neuron!) in neurotransmission [67,81] and the 
characteristic rhythmic brain activity patterns, for example seen on EEG, are neglected with 
this technique. In order to come to a unified theory on how the brain works these and other 
properties must be integrated. 
conclusIon
In this thesis we made use of behavioral and neuroimaging methods in healthy subjects, PD 
patients and patients with left-hemisphere tumors in order to further specify the functional 
differentiation of the premotor cortex. In this, we particularly focused on the integration 
of motor with language functions. We showed that the PMv and PMd, within a broader 
neuronal network, have specialized functions in writing and scaling of size, emphasizing that 
a further subdivision of these areas in a rostral and caudal part is evident. Such subdivision 
is analogous to the division of SMA and pre-SMA, reflecting a cognitive-motor gradient of 
functional representation. Our findings with respect to PMv, PMd and SMA were discussed 
in a broader perspective and integrated with previously described results obtained from other 
research modalities. This perspective included a critical comment concerning the need for an 
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Chapter 1 provides a general introduction on the premotor cortex with a focus on the writing 
process, because many experiments in this thesis concern specific motor aspects of writing. 
The premotor cortex has an important role in the final integration of task-related information 
and to funnel this to the primary motor cortex. Premotor areas can also influence motor 
output through their direct interactions with both the spinal cord. Within the premotor cortex, 
the ventral premotor cortex (PMv), dorsal premotor cortex (PMd) and supplementary motor 
area (SMA) can be identified. These premotor areas differ in both functional specialization 
and connectivity with other areas. Impairment of premotor cortex function may arise from a 
local lesion in the premotor cortex itself or in areas inflicting disconnection with the premotor 
areas. Another cause of impaired premotor cortex function is a reduced input from basal 
ganglia-thalamic loops, which occurs in Parkinson’s disease (PD). This thesis aimed to focus 
on various aspects of premotor cortex function. The performed studies first concern healthy 
individuals and then focus on patients with Parkinson’s disease and patients with tumors, in 
which conditions of compromised premotor cortex function are studied.
In Chapter 2 upper limb movements were assessed during right- and left-hand writing 
in thirty healthy right-handed subjects. A quantitative description of proximal and distal 
movements revealed a significant difference between right- and left-hand writing. Right-
handed subjects almost exclusively used distal arm movements during right-hand writing, 
while a combination of proximal and distal movements was used when writing with their 
left hand. This was consistent with our hypothesis that followed from pilot observations. 
This differential involvement of proximal and distal movements during writing points at 
distinct characteristics concerning lateralization in the cerebral organization of motor control 
and a possible relation with language. The predominantly distal movements during right-
hand writing may reflect functional dominance of the left PMv. Activity in the left PMv 
possibly reflects the motor ability to transpose an overlearned language code in fine-tuned 
writing movements. More proximal movements during left-hand writing may reflect PMd 
dominance in right-hemisphere motor control; circuitry that is also implicated in more global 
spatial visuomotor transformations as seen in reaching.
Chapter 3 further elaborates on the hypotheses of differential PMd and PMv involvement 
during writing that followed from Chapter 2. Functional MRI (fMRI) was used in right-
handed subjects to identify distributions of cerebral activations related to right- and left-
hand writing, with tapping as a basic motor control task. In order to provide support for 
the writing-specific character of the differential PMd and PMv involvement, we included 
a higher-order motor control task during which subjects had to draw simple geometrical 
figures. These control tasks also allowed to explore to what extent writing is represented 
in the brain as a unique kind of manual language performance. Five left-hemisphere areas 
were specifically implicated in writing: the antero-inferior parts of both PMv and PMd, 
Broca’s area, the posterior part of the left middle temporal gyrus (mTG) and the pre-SMA. 
Activation of the superior parietal cortex was not unique for writing because this area was 
also strongly involved in the drawing task. The left PMv made a stronger contribution to 
right-hand writing than the right PMv to writing with the left hand, while this was not true for 
drawing. The dominant role of the left PMv in writing is consistent with the view that it has 
an intimate relation with Broca’s area and subserves motor integration with frontal language 




hand writing, supporting a spatial motor contribution of particularly the right hemisphere. We 
distinguished three processing streams that are involved in the writing process and integrated 
these findings with existing language models.
In Chapter 4 we hypothesized that the right PMd receives more sensory information from 
the contralateral hemisphere than the left PMd from the right hemisphere. Therefore we 
scanned sixteen healthy subjects with a diffusion tensor imaging (DTI) sequence. A group 
comparison of whole-brain connectivity with probabilistic tractography indeed showed that 
the right PMd has ‘stronger connections’ with contralateral occipito-parietal regions and to 
a lesser degree also ipsilateral occipito-parietal regions than the left PMd. The left PMd had 
‘stronger connections’ with the contralateral prefrontal lobe and ipsilateral anterior parietal 
cortex and PMv, possibly supporting precision movements. The pattern of PMd connections 
further supports a dominant role for the right PMd in visuomotor transformations in order to 
prepare purposeful movements.
Chapter 5 describes a voxel-based morphometry (VBM) study comparing a large number 
of PD patients with healthy controls. Impaired premotor cortex function may result from 
reduced input from basal ganglia-thalamic loops. This led us to investigate whether regionally 
reduced cortical function in PD, specifically in the SMA, may not only be due to reduced 
activation from the basal ganglia, but that subsequent anatomical changes occur in the cortex. 
Long-term hypoactivation of the cortex by subcortical structures may lead to cortical atrophy. 
We retrospectively analyzed 3 T MRI images of 87 controls and 77 PD patients. The variation 
in disease duration provided the opportunity to investigate grey matter volume reduction as 
an index of disease progression. In contrast to our expectation, we did not find grey matter 
volume reductions in motor-related areas such as the SMA. Following an initial decrease 
in metabolism, it can be speculated that atrophy in these regions occurs at more advanced 
stages. Instead, there was initial anterior temporal atrophy in PD patients that spread to 
occipito-temporal and posterior parietal regions. This pattern of atrophy is consistent with 
and highlights the early presence of nonmotor symptoms in PD.
In Chapter 6 we investigated the effect of visual feedback on the size of writing in PD 
patients. We hypothesized that patients write larger without visual feedback compared to 
controls. Twenty-five non-tremor dominant PD patients without cognitive dysfunction and 
twenty-five age-matched control subjects wrote a sentence in the presence and absence of 
visual feedback. Both PD patients and controls wrote larger without visual feedback. There 
was a tendency to smaller writing in the patients. No decrement was seen during writing of 
the patients. Normal vertical size of writing (with visual feedback) correlated with part III of 
the Movement Disorders Society - Unified Parkinson’s disease rating scale (MDS-UPDRS), 
indicating smaller writing in more severe PD. There were no differences in horizontal and 
vertical size of writing between the groups. Thus, larger writing without visual feedback 
was a general characteristic without differences between patients and controls. Possibly, size 
scaling mechanisms are dysfunctional in specific PD subgroups.
Motivated by the presence of micrographia in PD as well as the previously described 
enhanced impact of external stimuli, Chapter 7 describes an fMRI study in right-handed 
healthy subjects investigating the cerebral mechanisms that underlie motor and visual aspects 
of scaling of size. Such size estimation is e.g. relevant in estimating distance to graspable 
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objects. We elaborated an fMRI visuomotor paradigm that was characterized by copying 
elementary figures without visual feedback, dissociating perceptual and motor components 
dealing with congruity and incongruity between sizes of drawn and presented figures. We 
discerned distinct characteristics of size in visuomotor control. We found that particularly 
the right inferior parietal cortex and dorsolateral prefrontal cortex (dlPFC) were generally 
involved in solving visuomotor incongruity; matching motor and visual coordinate frames on 
a common internal reference frame. Incongruity further involved pre-SMA / dorsal anterior 
cingulate cortex (dACC) and anterior insula activation in the right hemisphere maintaining 
different cognitive mechanisms such as inhibitory control and early-stage attention shifting. 
The left PMv was active during drawing variable sizes, irrespective congruity or incongruity, 
underscoring size as a basic parameter in visuomotor control. Lateral occipital cortex (LOC) 
activation that was specifically related to size constancy added insight in the neuronal 
significance of perceived object size in the context of surrounding space.
Chapter 8 concerns a theoretical review in which we discuss SMA functions inferred from 
dysfunction of the SMA in patients with the SMA syndrome. Lesion studies are integrated 
with current neuroimaging studies and the similarities between the SMA syndrome and 
seemingly unrelated disorders such as PD and tics are discussed. Integrating these findings 
and considering that the only lasting deficit after recovery from the SMA syndrome is a 
deficit in bimanual alternating movement patterns, we propose that the SMA’s maintain a 
tonic interhemispheric balance involved in both initiation and inhibition of movements.
Chapter 9 is a review about the current role of DTI in brain tumor surgery. A general 
introduction to the technique is followed by a critical review of technical limitations. We 
discuss the limitations and potential benefits of the technique. Although there are many 
limitations and pitfalls associated with this technique and as such it definitely needs 
further technical improvement, standardization and validation, we think DTI has shown to 
be a promising technique in pre- and intraoperative navigation. It can provide additional 
anatomical information to aid in maximal tumor resection without increasing morbidity, but 
this needs to be interpreted and integrated with other findings. Our conclusion is that DTI has 
a role in multimodal navigation, especially together with the current gold standard of direct 
electrical stimulation.
In Chapter 10 we performed a pilot clinical study using DTI in patients with left-hemisphere 
tumors. We made pre- and postoperative DTI scans in four patients and performed fiber 
tracking of five major white matter tracts using commercially available clinical software. 
The tracts were visually classified as normal, in close relationship with the tumor with 
possible displacement, displaced or disrupted, using the healthy hemisphere as a control. 
In this practical study, we highlighted important limitations of the employed technique. The 
interpretation of depicted tracts is difficult due to the possibility of false negative and false 
positive tracts, while there are many factors that may influence the tractography. DTI may, 
nevertheless, aid in the determination of the best approach towards a tumor and to faster 
intraoperative tract identification.







Hoofdstuk 1 is een algemene introductie over de premotor cortex met een focus op 
betrokkenheid van deze gebieden bij het schrijven, omdat veel experimenten in dit proefschrift 
betrekking hebben op specifieke motore aspecten van schrijven. De premotor cortex heeft 
een belangrijke rol in de uiteindelijke integratie van taak-gerelateerde informatie en het 
doorgeven van deze informatie naar de primaire motor cortex. Premotor gebieden kunnen de 
motore output beïnvloeden door middel van directe interacties met het ruggenmerg. Binnen 
de premotor cortex kan een onderverdeling gemaakt worden in de ventrale premotor cortex 
(PMv), dorsale premotor cortex (PMd) en supplementary motor area (SMA). Deze premotore 
gebieden verschillen in connectiviteit met andere gebieden en in functionele specialisatie. 
Verstoring van premotor cortex functie kan ontstaan door een lokale laesie in de premotor 
cortex zelf of door een laesie in gebieden die disconnectie veroorzaken binnen hetzelfde 
functionele netwerk. Een andere oorzaak is een verstoorde premotor cortex functie door een 
verminderde input vanuit basale ganglia-thalame loops, zoals bij de ziekte van Parkinson 
(PD). Dit proefschrift was gericht op verschillende aspecten van premotor cortex functie. 
Hiervoor is eerst onderzoek gedaan bij gezonde individuen en daarna bij patiënten met PD en 
patiënten met een tumor waarbij de functie van de premotor cortex aangedaan is.
In Hoofdstuk 2 onderzochten we arm- en handbewegingen tijdens schrijven met de linker en 
rechter hand bij dertig gezonde rechtshandige proefpersonen. Een kwantitatieve beschrijving 
van proximale en distale bewegingen liet een significant verschil zien in de bijdragen 
van deze bewegingen bij het schrijven met links ten opzichte van rechts. Rechtshandige 
proefpersonen maakten nagenoeg alleen gebruik van distale armbewegingen tijdens het 
schrijven met rechts, terwijl een combinatie van proximale en distale bewegingen gebruikt 
werd bij het schrijven met de linker hand. Dit was consistent met onze hypothese die 
volgde uit pilot observaties. Deze gedifferentieerde betrokkenheid van proximale en distale 
bewegingen tijdens schrijven wijst op een verschil in lateralisatie van cerebrale organisatie 
van beweging en een mogelijke relatie met taal. De voornamelijk distale bewegingen tijdens 
het schrijven met rechts weerspiegelen mogelijk een functionele dominantie van de linker 
PMv. Activiteit in de linker PMv zorgt er mogelijk voor dat taal tot uiting gebracht wordt in 
schrijfbewegingen. Het gebruik van meer proximale bewegingen tijdens het schrijven met 
links is mogelijk een weerspiegeling van dominantie van de PMd voor motore aansturing 
in de rechter hemisfeer, wat ook gezien wordt bij meer algemene ruimtelijke visuomotore 
transformaties zoals tijdens het reiken naar een object. 
Hoofdstuk 3 is een verdere uitwerking van de hypothese van gedifferentieerde PMd en PMv 
betrokkenheid tijdens schrijven, die volgde uit Hoofdstuk 2. Met functionele MRI (fMRI) 
onderzochten we verdelingen van cerebrale activatie tijdens schrijven met rechts en links bij 
rechtshandige proefpersonen, met tikken als motore controle taak. We voegden een hogere 
orde motore controle taak toe, waarbij proefpersonen simpele geometrische figuren moesten 
tekenen om het schrijf-specifieke karakter van gedifferentieerde PMd en PMv betrokkenheid 
te onderbouwen. Deze controle taken maakten het mogelijk om te onderzoeken of schrijven 
in de hersenen gerepresenteerd wordt als unieke taal-gerelateerde handeling. Vijf gebieden 
in de linker hemisfeer waren specifiek betrokken bij schrijven; de antero-inferieure delen 
van zowel de PMv als PMd, het gebied van Broca, het posterieure deel van de linker gyrus 
temporalis medius (mTG) en de pre-SMA. Activatie van de superior pariëtale cortex was niet 




was sterker betrokken bij het schrijven met rechts dan de rechter PMv bij het schrijven met 
de linker hand, terwijl dit niet het geval was bij het tekenen. De dominante rol van de linker 
PMv tijdens schrijven is consistent met het idee dat dit gebied een nauwe relatie heeft met 
het gebied van Broca, waardoor het zorgt voor integratie van motore functies met het frontale 
taalcircuit, ongeacht met welke hand geschreven wordt. Rechter PMd activatie was alleen 
zichtbaar gedurende schrijven met de linker hand en is betrokken bij ruimtelijke visuomotore 
transformaties in de rechter hemisfeer. We onderscheidden drie netwerken die betrokken zijn 
bij het schrijven en integreerden dit met bestaande taalmodellen.
In Hoofdstuk 4 hadden we de hypothese dat de rechter PMd meer sensore informatie 
ontvangt uit de contralaterale hemisfeer dan de linker PMd uit de rechter hemisfeer. Daarom 
maakten we DTI scans bij zestien gezonde proefpersonen. Een groepsvergelijking van gehele 
hersenconnectiviteit met behulp van probabilistische tractografie liet inderdaad zien dat de 
rechter PMd sterkere verbindingen heeft met contralaterale occipito-pariëtale gebieden en in 
mindere mate ook met ipsilaterale occipito-pariëtale gebieden dan de linker PMd. De linker 
PMd had sterkere verbindingen met de contralaterale prefrontale hersenkwab en ipsilaterale 
anterieure pariëtale cortex en PMv, wat mogelijk van belang is in de voorbereiding van 
fijne, nauwkeurige bewegingen. Het patroon van verbindingen van de PMd onderbouwt 
een dominante rol van de rechter PMd tijdens visuomotore transformaties om doelgerichte 
bewegingen voor te bereiden. 
Hoofdstuk 5 beschrijft een voxel-based morphometry (VBM) studie waarbij een groot aantal 
patiënten met PD vergeleken zijn met gezonde controles. Een verstoorde premotor cortex 
functie kan ontstaan door een verminderde input vanuit basale ganglia-thalame loops. Daarom 
onderzochten we of een regionaal verminderde corticale functie bij PD, in het bijzonder in 
de SMA, niet alleen veroorzaakt wordt door verminderde activatie vanuit de basale ganglia, 
maar dat anatomische veranderingen optreden in de cortex. Langdurige hypo-activatie van 
de cortex door subcorticale structuren leidt mogelijk tot corticale atrofie. Daarom voerden 
we een retrospectieve analyse uit van 3 T MRI beelden bij 87 gezonde controles en 77 PD 
patiënten. De variatie in ziekteduur maakte het mogelijk om grijze stof volume afnames te 
onderzoeken gedurende ziekte progressie. In tegenstelling tot onze verwachting, vonden we 
geen volume afname van grijze stof in motore gebieden zoals de SMA. Mogelijk treedt er 
atrofie op in deze gebieden in latere stadia van de ziekte. Bij de PD patiënten was er initieel 
anterieure temporale atrofie, zich verspreidend naar occipito-temporale en posterior pariëtale 
gebieden gedurende het beloop van de ziekte. Dit patroon van atrofie is consistent met en 
benadrukt de vroege aanwezigheid van niet-motore symptomen bij PD patiënten.
In Hoofdstuk 6 onderzochten we het effect van visuele feedback op de grootte van schrijven 
bij PD patiënten. We hadden de hypothese dat patiënten groter schrijven zonder visuele 
feedback vergeleken met controle proefpersonen. Vijfentwintig niet-tremor dominante PD 
patiënten zonder cognitieve dysfunctie en vijfentwintig leeftijd gematchte controles schreven 
een zin met en zonder visuele feedback. Zowel PD patiënten als controles schreven groter 
zonder visuele feedback. Er leek een tendens te zijn dat patiënten kleiner schrijven, maar 
dit was niet significant. We zagen geen decrement in grootte gedurende het schrijven bij de 
patiënten. Er waren geen verschillen in horizontale en verticale grootte van schrijven tussen de 
groepen. Groter schrijven zonder visuele feedback was dus een algemene eigenschap zonder 
verschillen tussen patiënten en controles. Mogelijk zijn er afwijkingen in de inschatting van 
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grootte bij specifieke PD subgroepen.
Vanwege de aanwezigheid van micrografie bij PD patiënten en de eerder beschreven 
versterkte invloed van externe stimuli, hebben we hier verder onderzoek naar gedaan. 
Hoofdstuk 7 beschrijft een fMRI experiment bij rechtshandige gezonde proefpersonen 
waarin we de cerebrale mechanismen onderzochten die betrokken zijn bij motore en visuele 
aspecten van het inschatten van grootte. Dit inschatten van grootte is bijvoorbeeld van belang 
in het schatten van de afstand tot grijpbare objecten. Hiervoor gebruikten we een fMRI 
visuomotor paradigma, waarbij proefpersonen elementaire figuren moesten kopiëren zonder 
visuele feedback. Perceptuele en motore componenten in het omgaan met congruentie en 
incongruentie in groottes van getekende en gepresenteerde figuren werden gedissocieerd. 
Hierdoor konden we verschillende eigenschappen van grootte tijdens visuomotore controle 
onderscheiden. Het bleek dat vooral de rechter inferior pariëtale cortex en dorsolaterale 
prefrontale cortex (dlPFC) betrokken waren bij het oplossen van visuomotore incongruentie; 
het matchen van motore en visuele coördinaten op een intern referentie systeem. Daarnaast 
waren pre-SMA / dorsal anterior cingulate cortex (dACC) en anterior insula in de rechter 
hemisfeer geactiveerd bij incongruentie. Deze gebieden zijn betrokken bij verschillende 
cognitieve functies zoals aandacht, maar ook onderdrukking van cognitieve processen. De 
linker PMv was actief tijdens het tekenen van verschillende groottes, ongeachte congruentie 
of incongruentie, wat onderschrijft dat grootte een basale parameter is in visuomotore 
controle. Laterale occipitale cortex (LOC) activatie specifiek gerelateerd aan een constante 
grootte van tekenen gaf inzicht in het neuronale belang van de perceptie van object grootte in 
de context van de omgevende ruimte.
Hoofdstuk 8 is een theoretisch overzichtsartikel waarin we aan de hand van patiënten met 
het SMA syndroom de motore functie van de SMA bediscussieerden. We hebben laesie 
studies geïntegreerd met neuroimaging studies en de overeenkomsten tussen het SMA 
syndroom en schijnbaar ongerelateerde aandoeningen zoals PD en tics zijn besproken. De 
integratie van deze vergelijkingen en het feit dat het enige restverschijnsel na herstel van het 
SMA syndroom een verstoring is van bimanuele alternerende bewegingen leert iets over de 
functie van de SMA. We stellen voor dat beide SMA’s een tonische interhemisferale balans 
onderhouden, zowel betrokken bij de initiatie als inhibitie van bewegingen.
Hoofdstuk 9 geeft een recent overzicht over de huidige rol van DTI tijdens hersentumor 
chirurgie. Een algemene introductie over de techniek werd gevolgd door een kritische 
beschouwing van technische beperkingen. We bespraken zowel beperkingen als mogelijke 
voordelen van de techniek. We denken dat DTI een veelbelovende techniek kan zijn voor pre- 
en intra-operatieve navigatie, hoewel er veel beperkingen en valkuilen geassocieerd zijn met 
deze techniek en er duidelijk verdere technische verbetering, standaardisatie en validatie moet 
plaatsvinden. Het kan aanvullende anatomische informatie verschaffen om te ondersteunen 
in een maximale tumor resectie zonder toename van morbiditeit, maar deze informatie dient 
geïnterpreteerd te worden in combinatie met andere bevindingen. De conclusie was dat DTI 
een rol heeft in de multimodale navigatie, vooral samen met de huidige gouden standaard van 
directe elektrische stimulatie.
In Hoofdstuk 10 hebben we een pilot klinische studie uitgevoerd met DTI bij patiënten 
met tumoren in de linker hemisfeer. Pre- en postoperatieve DTI scans zijn gemaakt bij vier 
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patiënten en vijf grote witte stof banen zijn getrackt met behulp van commercieel beschikbare 
klinische software. De banen zijn visueel geclassificeerd als normaal, in nauwe relatie met de 
tumor met mogelijke verplaatsing, verplaatst of verstoord, waarbij de gezonde hemisfeer als 
controle diende. In deze praktische studie benadrukten we belangrijke beperkingen van de 
techniek. De interpretatie van de afgebeelde banen was moeilijk vanwege de mogelijkheid 
van vals-negatieve en vals-positieve banen, terwijl er veel andere factoren waren die invloed 
kunnen hebben op de tractografie. DTI is niettemin mogelijk van waarde in de bepaling van 
de optimale benadering naar een tumor en voor een snellere intra-operatieve identificatie van 
witte stof banen.







ANOVA  Analysis of variance
BA  Brodmann area
BEDPOST Bayesian estimation of diffusion parameters obtained using sampling   
  techniques
BOLD  Blood oxygen level dependent
DARTEL Diffeomorphic anatomical registration through exponentiated lie   
  algebra
dACC  Dorsal anterior cingulate cortex
dlPFC  Dorsolateral prefrontal cortex
DME  Distal movement excess
DTI  Diffusion tensor imaging
EEG  Electroencephalography
EPI  Echo planar image
FA  Fractional anisotropy
FACT  Fiber assignment by continuous tracking
FAST  FMRIB’s automated segmentation tool
FDR  False discovery rate
FLAIR  Fluid attenuated inversion recovery
FLIRT  FMRIB’s linear registration tool
fMRI  Functional magnetic resonance imaging
FNIRT  FMRIB’s nonlinear registration tool
FSL  FMRIB software library
FWE  Familywise error
FWHM  Full width at half maximum
iFG  Inferior frontal gyrus
IPS  Intraparietal sulcus
iTG  Inferior temporal gyrus
LED  Levodopa equivalent dose
LOC  Lateral occipital cortex
M1  Primary motor cortex
MDS-UPDRS Movement disorders society - unified Parkinson’s disease rating   
  scale
MEG  Magnetoencephalography
mFG  Middle frontal gyrus
mTG  Middle temporal gyrus
Minc  Motor incongruence
Mm  Motor memory
MMSE  Mini-mental state examination
MNI  Montreal Neurological Institute
MRI  Magnetic resonance imaging
NMA  Negative motor area
PD  Parkinson’s disease
PD_long 25 PD patients with the longest disease duration
PD_short 25 PD patients with the shortest disease duration
PET  Positron emission tomography
PMd  Dorsal premotor cortex
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PMv  Ventral premotor cortex
Pre-PMd Pre-dorsal premotor cortex
Pre-SMA Pre-supplementary motor area
ROI  Region of interest
rTMS  Repetitive transcranial magnetic stimulation
SCOPA-Cog Scales for outcomes in Parkinson’s disease - cognition
SD  Standard deviation
SNR  Signal to noise ratio
sFG  Superior frontal gyrus
SMA  Supplementary motor area
SPM  Statistical Parametric Mapping
SPSS  Statistical Package for the Social Sciences
sTG  Superior temporal gyrus
T  Tesla
TE  Echo time
TMS  Transcranial magnetic stimulation
TR  Repetition time
UMCG  University Medical Center Groningen
UPDRS  Unified Parkinson’s disease rating scale
VBM  Voxel-based morphometry
Vinc  Visual incongruence
VMcon  Visuomotor congruence
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